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Preface

DYNA2D has been used extensively at the Lawrence Livermore National Laboratory over the

fourteen years. As a public domain code, DYNA2D has been applied to a wide variety of la

deformation transient dynamic problems by analysts both at LLNL and elsewhere. DYNA2D

originated and developed by Dr. John O. Hallquist of the Methods Development Group at L

(Hallquist, 1978a), (Hallquist, 1988). During the period 1984-1987, he was joined by Dr. Dav

Benson, who is now on the Engineering faculty at the University of California, San Diego. D

Hallquist continued as Lead Developer on DYNA2D until 1988, when he left LLNL to pursu

career in private business. During his time at the Laboratory, Dr. Hallquist made innumerab

contributions to the field of computational mechanics; many of them by demonstration. It is

great respect for these accomplishments embodied in DYNA2D that the authors continue t

expansion of DYNA2D’s capabilities to meet new challenges in computational mechanics.
v
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DYNA2D USER MANUAL

ABSTRACT

This report is the User Manual for the 1992 version of DYNA2D, and also serves as an interim

Guide. DYNA2D is a nonlinear, explicit, finite element code for analyzing the transient dyna

response of two-dimensional solids. The code is fully vectorized and is available on severa

computer platforms. DYNA2D incorporates a large deformation formulation to allow maxim

flexibility in modeling physical problems. Many material models are available to represent a w

range of material behavior, including elasticity, plasticity, composites, thermal effects, and r

dependence. Also, a variety of equations of state are available for modeling the hydrodyna

response of many materials, including explosives and propellants. In addition, DYNA2D ha

sophisticated contact interface capability, including frictional sliding, single surface contact, a

new automatic contact option. DYNA2D contains a rezoner to allow nodes to be repositioned

the finite element mesh becomes excessively distorted during a calculation. This rezoner c

used in either an interactive graphics mode or an automatic (noninteractive) mode. In addit

DYNA2D now contains a general remeshing option which allows a completely new mesh to

defined for a body during an analysis. A real-time analysis display option allows the analyst to

an evolving graphical display of the analysis results as they are calculated. A material model

with interactive graphics display is incorporated into DYNA2D to permit accurate modeling 

complex material response based on experimental data. This document provides the inform

necessary to apply DYNA2D to solve a wide range of engineering analysis problems.
vi
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1.0 INTRODUCTION

DYNA2D is an explicit, Lagrangian, finite element code for analyzing the transient dynamic

response of two-dimensional solids. The element formulations available in this version inclu

4-node constant stress element with several types of viscous and stiffness hourglass control

material models are available to represent a wide range of material behavior including elas

plasticity, composites, thermal effects, and rate dependence. A diverse equation of state lib

permits accurate modeling of the hydrodynamic behavior of many materials, including propel

and high explosives. In addition, DYNA2D has a sophisticated contact interface capability,

including frictional sliding, tied interfaces, and single surface contact, to handle arbitrary

mechanical interactions between independent bodies or between two portions of one body

interactive ‘‘r-type’’ rezoner in DYNA2D allows nodes of distorted mesh to be repositioned,

elements to be smoothed, and the calculation resumed. A new remeshing option allows an e

new mesh to be constructed at any point in an analysis. The rezoning and remeshing options

DYNA2D to analyze problems with very large distortions and shape changes. A material m

driver with interactive graphics display is integrated into DYNA2D to allow computation of th

stress response to any prescribed strain history without inertial effects. This feature allows ac

assessment of the representation of complex material behavior by the numerical constitutive

in DYNA2D.

Over the last fourteen years, DYNA2D has been widely used at LLNL and in industry. It has b

applied to a wide spectrum of problems, many involving large inelastic deformations and con

The code has evolved rapidly to meet changing engineering analysis requirements and to f

exploit current technology in computing hardware. Algorithms have been optimized, and near

of the code is now vectorized. Versions of DYNA2D are available for several computing platfo

including CRAY/NLTSS, CRAY/UNICOS, VAX/VMS, and workstations from SUN, Silicon

Graphics, and IBM. The code has been ported to many other machines, and the use of X-Win

graphics allows the SUN version to port easily to other 32-bit UNIX-based machines such a

CONVEX. The use of a “single-source” development system assures that all new developm

appear simultaneously in all supported code versions.

There are many new features and options in this release of DYNA2D which should improve

performance and versatility on a wide range of applications. Major new features in this rele

include a stiffness-based hourglass control option, an automatic contact algorithm which prec

the need to define master and slave slidelines, eroding slidelines for modeling material failur
2
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penetration, and an interactive-graphics based material model driver. Other new features inc

simple ALE option for solving large distortion problems, a multiple line HE burn option, a visco

fluid material, the Armstrong-Zerilli rate-dependent constitutive model, the JWLB equation-

state, and a variable order fit option for the Steinberg-Guinan and Steinberg-Guinan-Lund ma

models. In addition, this release debuts a very general remeshing option and a real-time an

display feature which graphically depicts the progress of an analysis. A fully vectorized imple

tation of the two-invariant cap model with kinematic hardening has replaced the previous proto

implementation. Sense switches have been improved and made more robust. Finally, new w

release of DYNA2D is full support for the CRAY/UNICOS, IBM RS/6000, and Silicon Graphi

platforms. These new developments substantially enhance the accuracy, efficiency, and user

nience of DYNA2D for a large class of engineering analysis problems.

DYNA2D is part of a set of public domain codes developed in the Methods Development Gro

LLNL. Other analysis codes include the three-dimensional explicit DYNA3D code (Whirley 

Hallquist, 1991), the implicit NIKE3D code (Maker, Ferencz, and Hallquist, 1990), and the

implicit two dimensional code NIKE2D (Engelmann and Hallquist, 1990). TOPAZ2D (Shapi

and Edwards, 1990) and TOPAZ3D (Shapiro, 1985) are finite element codes for nonlinear 

transfer and field problem analysis. PALM2D (Engelmann, Whirley, and Shapiro, 1990) is a

recently developed code for fully coupled thermomechanical analysis. Interactive graphics 

processors and postprocessors include MAZE (Hallquist, 1983) and ORION (Hallquist and

Levatin, 1985) for the two-dimensional codes and INGRID (Stillman and Hallquist, 1985) an

TAURUS (Spelce and Hallquist, 1991) for the three-dimensional codes. All plotting is accom

plished using the DIGLIB public domain graphics library developed by Hal Brand at LLNL.

As a public domain code, the use of DYNA2D by outside firms has been widespread, and th

played an important role in its development. Many code shortcomings have been discovere

remedied as a direct result of dialog with outside users in industry. In addition, many capab

have been suggested or inspired by feedback obtained from Collaborators outside LLNL. I

hoped that the DYNA2D user community will continue to expand and provide feedback to t

authors at LLNL, and that improvements made by others will be made available for possible i

poration into future versions of DYNA2D. This active participation provides important informat

for future development directions of DYNA2D.
3
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2.0 OVERVIEW OF DYNA2D

DYNA2D is an explicit, nonlinear, finite element code for the transient dynamic response of

dimensional solids. As an explicit code, DYNA2D is appropriate for problems where high ra

dynamics or stress wave propagation effects are important. For static and low rate dynamic

problems, the implicit NIKE2D code (Engelmann and Hallquist, 1991) may be more suitabl

DYNA2D may be applied to quasistatic problems by simply applying the external loads slowly

integrating the dynamics equations until all significant transients have died out. In contrast 

NIKE2D, DYNA2D uses a large number of relatively small time steps, with the solution bein

explicit (and inexpensive) at each step. Thus, DYNA2D does not form and solve the large m

equation typical of implicit codes such as NIKE2D, and does not require iteration at each time

This often leads DYNA2D to be compute-bound with modest memory requirements, where

NIKE2D is often memory or I/O bound due to the assembly of a large stiffness matrix at each

step.

The algorithms and architecture are designed for speed and robustness. Nearly all of the c

now vectorized for optimal performance on vector computers such as the CRAY. DYNA2D h

4-node continuum element formulation that handles geometric nonlinearities (large displace

and large strains) and does not lock for incompressible materials.

DYNA2D has material models that include:

• elasticity and plasticity (isotropic and anisotropic)

• finite elasticity

• volumetric compaction

• rate dependence

• thermal effects

• failure.

To model nonlinear pressure-volume behavior, DYNA2D has equations of state that include

• polynomial functions

• high explosive models

• tabulated functions.

A variety of boundary conditions are available, including:

• prescribed velocities
5
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• non-reflecting (transmitting) boundaries

• sliding boundaries along arbitrary planes.

Methods of prescribing loads include:

• nodal forces

• follower forces

• surface pressure loads

• body force loads

• loads due to thermal expansion

• Brode function airblast loads.

DYNA2D has a general interface contact capability which includes:

• frictional sliding

• single surface contact

• tied interfaces

• rigid walls.

The constraint modeling capabilities include:

• arbitrary nodal constraints.

The analysis capabilities of DYNA2D include:

• transient dynamic analysis

The code may be restarted with a variety of modifications to the analysis, including:

• changes in termination time

• deletion of portions of the model by element or by material

• deletion of sliding interfaces.

DYNA2D contains an ‘‘r-type’’ rezoner with interactive graphics which includes:

• smoothing of elements within a material

• smoothing or equispacing nodes on material boundaries

• ‘‘dekinking’’ of material boundaries

• display of analysis results using interactive color graphics.
6
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DYNA2D now includes a new remeshing option which allows:

• arbitrary changes to mesh topology

• addition or deletion of materials, boundary conditions, and other model paramete

• solution of problems with very large distortions and shape changes.

An analysis display option is now available which allows:

• real-time graphics display of deforming mesh or other response quantities

• easy determination of appropriate times to rezone or remesh.

There are no inherent limits on the size of a DYNA2D analysis model, and storage allocatio

dynamic within the code. Problem size is constrained only by the memory available on the

computer. Current generation supercomputers have solved DYNA2D problems with almost

100,000 elements, and computing capabilities continue to expand as new generations of ha

become available.

The following sections in this chapter briefly discuss each of these capabilities and its applica

to engineering analysis problems.

2.1 NOMENCLATURE AND NOTATIONAL CONVENTIONS

This section will briefly describe the notational conventions used in the remainder of this ma

Vectors and tensors are denoted by boldface type ( , ), or in components by subscripted 

characters ( , ), and matrices are generally indicated by boldface capital letters ( , ).

distinction between vectors and matrices or tensors will be clear from the context in which 

symbol is used.

A set of typeface conventions is followed throughout this manual to allow the reader to eas

distinguish betweencommands, parameters, andcomputer generated text . Commands

appear in bold type, and should be entered verbatim.Parameters appear in italics, and should be

given values when included in the input.Computer generated text , such as error message

or default file names, is printed in a typewriter-like font.

v s

vi sij M K
7
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In the descriptions of input format, “column” numbers refer to character positions in the AS

input file, “field” refers to a group of character positions which contains one item of data, an

“format” specifiers suggest the FORTRAN format edit descriptor used to read that item of d

This form of input description is historical in nature, and evolves from the days when paper p

cards were the predominant medium for data input to the computer. Although those days hav

past, this notation and general structure of the input definition has proved convenient and a

therefore retained. Further, as modern model generation software progresses, the need for

analyst to directly interact with the DYNA2D input file diminishes. Currently, the most comm

reason for directly editing this file is to adjust an analysis control parameter, and these qua

are easily and quickly located in the current style of input.

2.2 UNITS

There is no unit system embedded in DYNA2D. Problems may be defined in any convenien

consistentset of units. The units must be consistent in that mathematical operations directly y

the correct units for the result quantity; no units conversion is done internally in the code. F

example, Newton’s law states that force equals mass times acceleration, so when mass (in

chosen units) is multiplied by acceleration (derived from the chosen units), the resulting qu

must be force in the chosen units. Thus, if the force unit is , the length unit is , and the

unit is , then the units of acceleration are  and the mass unit is . This approach a

complete freedom in the choice of a units system in which to describe a problem.

2.3 GENERAL FORMULATION

DYNA2D is based on a finite element discretization of two spatial dimensions and a finite

difference discretization of time. The explicit central difference method is used to integrate 

equations of motion in time. The central difference method is only conditionally stable, and

stability is governed by the Courant limit on the time step size . Physically, this limit is es

tially the time required for an elastic stress wave to propagate across the shortest dimension

smallest element in the mesh. Equivalently, this maximum time step may be related to the 

of the highest free vibration mode of the finite element mesh. DYNA2D automatically calcu

lb f in

s
in
s2
-----

lb f s2⋅
in

-----------------

∆t
8
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the maximum time step size at each step of the solution, and adjusts the time step accordi

minimize the number of time steps used in a solution. This feature minimizes the cost of th

analysis while assuring that stability is maintained.

DYNA2D offers two analysis geometry options: plane strain and torsionless axisymmetry. In p

strain analysis the problem is assumed to lie in the -  plane, and the out-of-plane strain

assumed zero. In axisymmetric analysis  becomes the axis of symmetry and  (or ) repr

the radial direction.

For axisymmetric problems DYNA2D uses a Petrov-Galerkin formulation wherein the momen

equations are weighted by the product of the basis functions and the reciprocal of the radius

method has proven to eliminate certain problems which arise on the axis of symmetry whe

more conventional Bubnov-Galerkin formulation is used.

DYNA2D uses a lumped mass formulation for efficiency. This produces a diagonal mass m

, which renders the solution of the momentum equation

(1)

trivial at each step in that no simultaneous system of equations must be solved. In the abov

equation,  are the applied external forces, and  are the element internal forces. The n

accelerations  are easily found, from which the updated velocity and coordinates are c

lated using the central difference integration formulas.

2.4 MATERIAL MODELS

DYNA2D includes a large number of material models to represent a wide range of physical

behavior. Some models are used with an equation-of-state to represent complex pressure-

energy behavior in a material; these are termed hydrodynamic models. The material mode

presently implemented are:

• elastic

• orthotropic elastic

• kinematic/isotropic plasticity

• thermo-elastic-plastic

• soil and crushable foam

• viscoelastic

• Blatz-Ko hyperelastic rubber

y z εxx

z y r

M

M an 1+ f ext f int–=

f ext f int

an 1+
9
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e

• high explosive burn

• fluid

• elastic-plastic hydrodynamic

• Steinberg-Guinan high rate elastic-plastic

• Johnson/Cook rate dependent elastic-plastic

• power law isotropic elastic-plastic

• viscoplastic

• Armstrong-Zerilli rate dependent elastic-plastic

• concrete/geological material

• extended two invariant geologic cap

• Frazer-Nash hyperelastic rubber

• laminated composite

• Isotropic elastic-plastic

• Steinberg-Guinan-Lund rate dependent elastic-plastic

• smooth cap model

• Bammann plasticity

• Bammann plasticity with damage

2.5 EQUATIONS OF STATE

A hydrodynamic material model requires an equation-of-state to define the pressure-volum

relationship. The equations of state available in this release are:

• linear polynomial

• JWL high explosive

• Sack high explosive

• Gruneisen

• ratio of polynomials

• linear polynomial with energy deposition,

• ignition and growth of reaction in HE

• tabulated with compaction

• tabulated

• propellant

• pore collapse

• composite high explosive

• pressure vs. time via load curve

• JWLB high explosive
10
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2.6 FINITE ELEMENT FORMULATION

The finite element formulations used in DYNA2D have been chosen for their accuracy, speed

robustness in large deformation nonlinear problems. In an explicit analysis there are many 

time steps, so it is important that the number of operations performed at each time step be

minimized. This consideration has largely motivated the use of elements with one-point Ga

quadrature for the element integration. This approach gives rise to spurious zero energy de

mation modes, or “hourglass modes,” within the element. The element must then be stabili

eliminate the spurious modes while retaining legitimate deformation modes. This stabilizati

effectively accomplished in DYNA2D. A selection of stabilization methods is available to han

almost any situation, and the default algorithms have proven effective for most applications

element operations are highly vectorized for optimal performance on vector computers.

The basic continuum finite element in DYNA2D is the four-node solid element with one-poi

integration. Spurious hourglass modes are stabilized using an “hourglass viscosity” or an

“hourglass stiffness.” Displacements within the element are interpolated using bilinear inter

lation functions, and the constitutive equations are evaluated once per element per time step

on the state at the center of the element. This element is valid for large displacements and

strains. The element may be degenerated to a triangular element, but at the expense of ac

Thus, these degenerated elements should be avoided whenever possible.

2.7 LUMPED PARAMETER ELEMENTS

DYNA2D contains lumped parameter elements such as discrete springs, dampers, and lum

nodal masses. This feature allows DYNA2D to be used to solve simple spring-mass models

couple these simple models with complex finite element models. The lumped parameter ele

were originally contributed by Dr. John Miles and colleagues at Ove Arup and Partners.

2.8 INITIAL AND BOUNDARY CONDITIONS

A transient dynamic problem requires the specification of initial conditions in order to be

completely defined. In DYNA2D, initial conditions are specified as initial velocities. All initia

velocities may be set to zero by setting a flag in the input, or the initial velocity of every node

subset of nodes may be explicitly defined.
11
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The time variation of quantities in DYNA2D is specified by “load curves.” An arbitrary number

load curves may be defined, and any number of boundary conditions or loads may referen

load curve. Each load curve may have an arbitrary number of points.

DYNA2D contains a number of options for modeling the wide range of boundary conditions

encountered in engineering analysis. Nodes may be constrained from translation in the glo

coordinate system. Nodes may be constrained to move only along an arbitrary but specified l

specifying, in the node input, the angle this line makes with the positive -axis.

Nodes may be given prescribed velocities as a function of time in any global coordinate direc

or in an arbitrary direction specified by a given angle. In cases where prescribed velocities at

are not equal to defined initial velocities, significant dynamic loads are induced in the mode

to the incompatibility of boundary and initial conditions.

Nonreflecting boundaries, also called “transmitting boundaries,” may be defined to simulate

infinite domains and prevent spurious wave reflections due to the finite extent of the mesh.

boundaries are quite effective, but assume essentially linear material behavior. Thus, it is nec

to discretize the domain sufficiently far from the region of interest to contain all significant

nonlinear material behavior in the analysis model.

2.9 LOADS

Several types of applied loads may be defined in DYNA2D. Most load definitions include tim

variation by reference to a load curve, and multiply the load curve value by a scale factor to eva

the load to be applied. DYNA2D supports surface loads, body force loads, and thermal loa

Surface loads may be specified as either nodal forces, follower forces, or surface pressures.

forces may be defined in arbitrary directions by simply specifying the components in the tw

coordinate directions, and are defined as a function of time. The direction of concentrated n

loads is fixed throughout the problem and does not evolve with the deformation. Follower fo

may be defined which always act normal to a plane defined by two nodes. The direction of

force evolves with the deformation to remain normal to the specified plane throughout the ana

Surface pressure loads may be defined, and these always act normal to the surface in the 

configuration. Pressures may vary linearly over an element surface, and may be an arbitra

function of time. Alternatively, pressures may be defined to follow a Brode airblast time hist

shifted by a given shock wave arrival time based on the distance from the Brode origin.

r

t 0=
12
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Body force loads can be specified to represent physical phenomena such as gravity, electr

netic forces, or centrifugal loads due to an angular velocity. Body force loads may be specifi

arising from translational base acceleration or an angular velocity of the model about the -ax

DYNA2D, body force loads may be specified by a translational base acceleration , where

components defined in the global coordinate directions. The body force density  is found 

, (2)

where is the material mass density. In addition, body force loads arising from rotation abou

about the -axis may be defined. Body force density  at a point is then found from the ang

velocity vector  and the radius vector  (from the origin to the point) by

. (3)

The time variation of the angular velocity component may defined using a load curve, but

that the time derivative of the angular velocity isnot included in the body force density calculation

Loads due to thermal expansion are applied by specifying temperature changes with mate

models which include thermal expansion. Nodal temperatures may be read from a TOPAZ2

(Shapiro and Edwards, 1990) plot database file, or may be individually specified and scale

load curve in the DYNA2D input file.

2.10 HIGH EXPLOSIVE BURN

DYNA2D contains several options for simulating the initiation and burning of high explosive

Beta burn defines a compression criteria for the ignition of HE. Programmed burn options a

the specification of lighting times or detonation points for problems where these are known. A

ignition and growth equation-of-state allows the study of impact or temperature initiation of

energetic materials, and is useful when the existence and location of detonation points mu

determined by the solution of the boundary value problem. These features have proved usef

wide range of problems from explosive metal forming to enhanced oil recovery. Each of the

DYNA2D burn options is described below.

There are four options for determining the lighting time of HE materials, including ‘‘beta bur

selected elements light at time zero, programmed burn, and specifying the lighting time of 

element. The beta burn option does not use the concept of a lighting time, and computes a

fraction  directly from

z

a a

b

b ρa–=

ρ
z b

w r

b ρw w r×( )×=

ωz

F
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, (4)

where is relative volume and is the Chapman-Jouguet relative volume. Another burn o

allows the specification, in the input, of elements which are lit at time zero. This option is par

larly useful when a precise pattern of lighting is desired. The programmed burn option is re

family of options which determine lighting times based on specified detonation locations an

geometries. These options are discussed in detail in section 4.5 on page 173. Single or mu

detonation points may be defined, and the lighting time of an element is computed based o

distance from the center of the element to the nearest detonation point. Similarly, a detonatio

may be defined, and the lighting time of an element is computed based on the distance fro

center of the element to the closest point on the detonation line. Multiple detonation lines ma

included in the model, and each line may have a different lighting time. Alternatively, a Huy

detonation may be specified wherein a number of detonation points are defined together w

‘‘shadow surfaces,’’ and differing detonation velocities are used inside and outside the shad

HE. The fourth burn option allows the specification, in the input, of a lighting time for each elem

composed of HE material. The above burn options allow considerable flexibility in defining 

detonation geometry for high explosive problems. ** plot lighting times at t=0 as e-bar-p **

DYNA2D contains two equations-of-state for modeling the ignition and growth of detonation

waves in high explosive materials. Equation-of-state 7, developed by Tarver and coworkers, m

the behavior of single component explosives. Equation-of-state 12, developed by Nutt and

coworkers, allows the modeling of two-component composite explosive materials. Equation

state 10 allows a simple model of the ignition and burning of propellant material. These thr

equations-of-state allow an analysis to determine whether an explosive will ignite and burn d

pressures and temperatures present in the solution of the boundary value problem. These 

are quite complex, and care is urged in their use.

2.11 GENERAL INTERFACE CONTACT

DYNA2D contains a robust and efficient capability for modeling the mechanical interaction of

bodies or two parts of a single body. Seven different options are offered for defining the beh

of “slidelines” in a wide variety of situations. Six of these options are actually general slidel

definitions, and the remaining one is a special purpose capability for treating interactions bet

a body and a rigid surface. All DYNA2D slidelines accommodate arbitrarily large relative motio

F β 1 V–( )
1 V–

1 VCJ–
------------------= =

V VCJ
14
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There are no limits on the type or total number of slidelines defined for a DYNA2D model. In

remainder of this section, first each of the six slidelines is briefly discussed, and modeling su

tions are given. The special purpose rigid wall option is then presented.

The six types of slide surfaces supported in this release of DYNA2D are:

1. sliding only (kinematic formulation)

2. tied (kinematic formulation)

3. sliding with separation (kinematic formulation)

4. sliding with separation and friction (penalty formulation)

5. sliding with separation and no friction (penalty formulation

6. single surface slideline (penalty formulation)

A slideline is defined in the input file by a list of nodes lying along the interface. One side o

contact surface is referred to as the master surface and the other side is the slave surface. Th

tance of the distinction between master and slave surfaces is discussed below.The slave surface

must lie to the left of the master surface as one moves along the master surface, encounter

master nodes in the order they are defined. Arbitrary mesh refinement on adjacent sides of the

interface is permitted.

There are two basic types of slidelines in DYNA2D, and the main difference is the way in w

penetrating nodes are handled. The kinematic methodsoperate at the velocity/acceleration level

and modify coordinates to put the penetrating node back onto the target surface. Thepenalty

methodsoperate at the kinetic level and apply a restoring force to the penetrating node to p

back to the target surface. This restoring force is proportional to the depth of penetration, the

modulus of the penetrated material, the dimensions of the penetrated element, and a scale

specified by the user. The amount of penetration observed is inversely proportional to the c

scale factor. Using a larger penalty scale factor reduces the observed penetration, but may m

problem more difficult to solve. Using a smaller penalty scale factor makes the problem eas

solve, but may lead to unacceptably large interpenetrations. The penalty scale factor is defi

the Control Section of the DYNA2D input file and has a default value of 0.10.

Generally, experience has indicated that the kinematic slideline methods work best in high pre

hydrodynamic applications, and the penalty methods work best in lower pressure solid mech

applications. There are clearly problems where the choice is unclear, and experience provid

most reliable guidance.
15
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Sliding interfaces and contact in DYNA2D are formulated using a “node on surface” concep

described in (Hallquist, 1978) and (Hallquist, Goudreau, and Benson, 1985).Slave nodes are

restricted from penetratingmaster surfaces. Conceptually, the two-surface algorithms could th

be thought of as looping over all slave nodes, and for each slave node checking that there 

penetration through any of the master segments defined for this slideline. The kinematic slid

formulations are not symmetric, and therefore it is important that the master surface be chos

the more coarsely meshed surface. The penalty method formulations are symmetric treatm

that the designation of the two surfaces as slave or master are interchanged, and the conta

algorithm is applied a second time. Thus, each surface goes through the penalty contact alg

once as a master surface and once as a slave surface. This symmetric approach has been

greatly increase the robustness and reliability of penalty method slidelines.

During the initialization phase of DYNA2D, nodes on a slideline which are initially interpene

trating are put back on the surface before the dynamic calculation is begun. A message is 

to the screen and a summary printout is provided in the “hsp” file when this occurs. Initial in

penetration may result from errors in the definition of the model, or simply from curved part

different mesh densities placed in close proximity to each other. In the latter case, the max

distance a node was moved should be a small fraction of the minimum element dimension

Thesliding only (type 1) slideline is a two-surface method based on a kinematic formulation.

two surfaces are allowed to slide arbitrarily large distances without friction, but are not perm

to separate or interpenetrate. This option performs well when extremely high interface pres

are present.

Thetied (type 2) slideline is not really a slideline at all, but is a feature for joining two parts 

mesh with differing mesh refinement. This is also a kinematic formulation, so the more coa

meshed surface should be chosen as the master surface.

Thesliding with separation (type 3) slideline is the most general kinematic formulation. This

option allows two bodies to be either initially separate or in contact, and surfaces may separa

come together in a completely arbitrary fashion. Large relative motions are permitted. Since t

a kinematic formulation, the master surface should be chosen as the more coarsely meshed s

There is no friction in this formulation.
16
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Thesliding with separation and friction (type 4) slideline is the most generally applicable optio

for engineering solid mechanics. This implementation is a penalty formulation, and allows t

bodies to be either initially separate or in contact. Large relative motions are permitted, and

dependent Coulomb friction is included. Surfaces may separate and come together in a com

arbitrary fashion.

Thesliding with separation and no friction (type 5) slideline is very similar to the type 4

slideline, but does not include friction and is slightly less expensive. This implementation is

penalty formulation, and allows two bodies to be either initially separate or in contact. Large

relative motions are permitted. Surfaces may separate and come together in a completely ar

fashion.

Thesingle surface contact(type 6) slideline is a penalty formulation used for modeling two

portions of the same body which may come into contact. This situation often arises in buck

problems, where one surface often develops folds and comes into contact with itself. Frictio

sliding is permitted between surfaces in contact.

“Rigid walls,” also known as “stonewalls,” may be defined to represent a rigid, planar, statio

surface. Rigid walls permit modeling unilateral contact without requiring discretization of th

target surface, and thus are considerably less expensive than defining a type 4 slideline.

2.12 ERODING SLIDELINES AND AUTOMATIC CONTACT

DYNA2D now incorporates ‘‘eroding slidelines’’ for penetration and material failure. In additio

there is now an ‘‘automatic contact’’ feature which automatically identifies surfaces of poten

contact and eliminates the need to specify master and slave surfaces. This option is curren

slightly more expensive than the traditional contact algorithms, but continued development 

expected to reduce this difference.

Eroding slidelines are a technique for modeling penetration events using a Lagrangian finit

element method. Erosion models were developed and popularized by Johnson and cowork

(Snow, 1982), (Stecher and Johnson, 1984), (Kimsey and Zukas, 1986), (Johnson and Stryk,

(Johnson and Stryk, 1987). A failure criterion is defined for the materials involved, and initial s

lines are defined between the penetrating object and the target. During the impact process, el
17
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on the surface of the target (and possibly the penetrator) are deleted when the material in t

elements exceeds the failure criterion. The slideline is automatically redefined to include the n

exposed outer boundaries of the penetrator and target materials and the calculation contin

To activate eroding slidelines in DYNA2D, first select automatic contact as described in sectio

on page 37. The material(s) which may erode must be included as active in the automatic c

definition. Next, for eroding materials, define the effective plastic strain at failure. The failur

models are described in detail with the material descriptions. This version of DYNA2D allow

erosion with material types 3, and 5. Other material failure options will be added in future vers

of DYNA2D.

Automatic contact allows the proper modeling of interactions between two bodies without t

explicit definition of slidelines between the two bodies. When automatic contact is used,

algorithms in DYNA2D identify regions of possible contact and prevent interpenetration with

those regions. Rate dependent Coulomb friction may be included, if desired. Automatic cont

more convenient to use than conventional slidelines, and also reduces the probability of diffic

due to input errors. This generality does make automatic contact somewhat more expensiv

defining the appropriate slidelines, however, since an analyst can usually eliminate some po

contact regions from the slideline based on an intuitive understanding of the problem under c

eration. Users are encouraged to report their experiences with this new feature in DYNA2D

2.13 CONSTRAINT EQUATIONS

Constraint equations may be explicitly defined in DYNA2D. Nodal constraint equations sim

specify that two or more nodes share a global degree-of-freedom. This feature is sometimes

in defining unique boundary conditions on an analysis model.

2.14 ARBITRARY LAGRANGIAN EULERIAN (ALE) OPTION

This version of DYNA2D incorporates an arbitrary Lagrangian Eulerian (ALE) option. This

capability was first developed for DYNA2D by Benson (see Benson, 1986 and Benson, 1989), and

has been under wide study in the research community in recent years (Haber, 1984), (Liu,

Belytschko, and Chang, 1986), and (Ghosh and Kikuchi, 1991). The ALE in DYNA2D is term

in the literature “Simple ALE” because each finite element is assumed to contain only one ma

This assumption differentiates “Simple ALE” from “Complex ALE,” wherein each element (o

finite difference zone) may contain multiple materials whose fractions and interfaces must 
18
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tracked throughout the mesh. The simple ALE implementation in DYNA2D can appropriatel

regarded as automatic rezoning, since the end effect is to move the mesh around within m

boundaries to minimize mesh distortion and thereby improve computational accuracy. Altho

the formulation doesn’t permit mixed-material elements, the DYNA2D ALE option has prov

useful on a wide variety of large-deformation applications.

2.15 ANALYSIS OPTIONS

DYNA2D is most efficient for transient dynamic analysis, although it may also be used for q

static analysis. A transient dynamic analysis using the central difference method is perform

whenever loads are given their actual, physically realistic variation with time. A quasistatic

analysis may be performed by simply applying the loads very slowly and running the analysis

all significant transient oscillations have died out. The remaining solution is the quasistatic

solution. This quasistatic analysis procedure may confidently be used with history depende

materials if dynamic oscillations are kept to a minimum (i.e., loads are applied sufficiently slow

2.16 ANALYSIS DISPLAY

DYNA2D now has the capability to display the deforming body in color as an analysis progres

This display is updated at a specific simulation time interval, and may show any graphical dis

available in the rezoner such as the deformed mesh, or contour/fringe plots of element qua

such as stress or effective plastic strain. The analysis display option is activated by specify

nonzero time interval between display updates on Control Card 6, or interactively by sense

switches. The use of Analysis Display is described in section 3.6 on page 32. The analysis d

option does not interfere with interactive or non-interactive rezoning in any way; the two ca

ities are completely independent.

The analysis display option is a convenient new feature in DYNA2D. It allows the analyst to ea

monitor the progress of an analysis, and intervene if required. This feature also allows the a

to promptly terminate an analysis which is seen to be incorrect, thus saving both computer tim

turn-around time that would have been otherwise wasted.
19
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2.17 RESTART

DYNA2D supports a restart capability to continue calculations once they have been terminat

a user request or a computer system crash. Restart files are written at an interval specified

input file, and are written sequentially. Standard restart files are never overwritten, and ther

the analysis may be restarted from any restart dump state. Since these files accumulate, th

frequency of writing standard restart files is often limited by the amount of available disk sp

DYNA2D allows many changes to the model and analysis at a restart. These changes are sp

in an optional “restart input file,” which is specified in addition to the binary “restart dump fil

which contains the data from the first part of the run. The restart input file need not be suppl

nothing is to be changed. Analysis options which can be changed at restart include termina

time, plot data dump interval, and restart dump intervals. In addition, the model itself may b

changed during a restart, including deletion of any number of materials, elements, or slidel

2.18 MATERIAL MODEL DRIVER

DYNA2D incorporates a Material Model Driver to simplify fitting material models to experimen

data. The driver computes the stress response to a prescribed strain path, and allows the re

displayed in an interactive graphics environment. Any stress, strain, or history variable may

plotted against any other component to allow clear insight into the material model behavior. I

Material Model Driver, the stress response is computed without inertial effects, so the true 

tutive response is shown. This capability is available for all DYNA2D material models, and 

material input format is identical to that used for dynamic analysis. The Material Model Drive

described in detail in Chapter 8 of this manual.

2.19 REZONING

Explicit Lagrangian codes are well suited for problems with moderate element distortions. W

distortions become excessive, Eulerian approaches may become necessary. However, Lag

formulations are usually preferred for solid mechanics for various reasons, including good

resolution of material interfaces, accurate treatment of history dependent material models, 

general contact capabilities. Rezoning and remeshing may be used to extend the domain o

cation for Lagrangian codes to problems with large distortions. Rezoning is described below

remeshing is described in section 2.20 on page 25.
20
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The DYNA2D implementation for rezoning is based on (Hallquist, 1982b) and (Goudreau a

Hallquist, 1982). Rezoning is performed in three phases:

1) Generate nodal values on the old mesh for all variables to be remapped.

2) Rezone one or more materials either interactively or automatically via a command

3) Perform the remapping by interpolating from nodal values of the old mesh.

When rezoning interactively, current results can be interactively displayed. Automatically rezo

via a command file requires some understanding of the deformationsa priori. However, automatic

rezoning has proven to be an important option for performing parameter studies.

Nodal values of all element variables, such as stress, are computed in Phase 1. A global vari

be remapped is approximated piecewise by a continuous fieldg, defined over each element in term

of nodal variables as

, (5)

where are shape functions of the same order as those used in the finite element analysis, an

a vector of nodal point values. Given a variableh to be remapped, a least squares fit is obtained

minimizing the functional

, (6)

with respect to nodal values. The minimization

, (7)

requires the solution of the set of linear equations

, (8)

where

, (9)

. (10)
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If the ‘‘mass’’ matrix is lumped as

, (11)

the calculation of the desired nodal values is simply

. (12)

Equation (12) provides an initial guess forg. This is used as a starting vector to iterate for a solutio

that ultimately satisfies (8), while avoiding matrix inversion (see Zienkiewicz, Xi-Kui, and

Nakazowa, 1985). Iterations are performed using the recursive relation

, (13)

where convergence is determined by

. (14)

The value of may be specified in the input file, and has a default of 0.01. Tighter tolerances

to nodal values that are only marginally more accurate but at the cost of many more iteratio

Convergence to is typically achieved in less than 5 iterations, and is monotonic. Tig

tolerances, for example , can require up to forty iterations to attain convergence. Co

per iteration, however, is relatively inexpensive since the element consistent ‘‘mass’’ matrice

computed once and stored.

In the output file of DYNA2D, each element variable is compared with its interpolated value f

the nodes. A percentage error is computed at each Gauss point by

percent error = (15)

where  is the actual Gauss point value,  is the interpolated value from the fit,  is the

maximum value in the material, and  is the minimum value in the material.

M̂i Mij
j 1=

a

∑=

gi

f i

M̂ i

------=

gi l+ M̂ 1– f M M̂–( )gi–[ ]=

gi 1+ gi–
gi 1+

-------------------------- er≤

er

er 0.01=

er 0.0001=

hg g̃–

hmax hmin–
--------------------------- 100×

hg g̃ hmax

hmin
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An average value over all elements is computed and printed. The errors are usually under 5%

is well within the range of acceptable accuracy for most calculations.

After element consistent mass matrices are computed and stored, (8)-(13) are applied to e

history variable, i.e., stress, plastic strain, energy, density, etc., for each material. This neces

applications of these latter equations wherem is the number of materials used in the analys

andn is the number of history variables. The resulting nodal vectors are stored for pos

use in the third phase of rezoning. The efficient implementation of the first phase makes its

insignificant relative to third phase remap.

Phase two is performed either interactively or automatically using a rezone command file. I

active rezoning includes color graphics that can be used to study current response variable

including the capability to display:

• color fringes,

• contour lines,

• vector plots,

• principal stress lines,

• deformed meshes and material outlines,

• profile plots,

• reaction forces,

• interface pressures along slidelines.

All relevant variables can be plotted including constitutive model state variables that are no

available in the output database for post-processing. Copies of the plots can be obtained a

and-white or color postscript, or as DLI files at LLNL.

Rezoning involves dekinking slidelines and material boundaries, adjusting the spacing of bou

nodes, and moving the interior nodes to achieve a smooth mesh. The total number of node

elements is preserved, making this an ‘‘r-type’’ rezoner. Three methods are available in DYN

for smoothing interior nodes. They are the equipotential method, isoparametric interpolation

a combination of the two obtained by a linear blending. Other methods have been propose

QMESH manual (Jones, 1974) provides an excellent description and evaluation of a variety

techniques. In applying the relaxation, the new nodal positions are given by

m n×
m n×
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, (16)

, (17)

whereri andzi are the nodal positions relative to the node being moved as shown in Figure 1

The weights for equipotential smoothing are

r

ζi r i
i 1=

8

∑

ζi
i 1=

8

∑
------------------=

z

ζi zi
i 1=

8

∑

ζi
i 1=

8

∑
------------------=

Figure 1
Nodal stencil for smoothing.
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Since logical regularity is not assumed in the mesh, the nodal stencil is constructed for each in

node, and then relaxed. The nodes are iteratively moved until convergence is obtained.

In phase three, new element Gauss point values in the rezoned regions are found by interp

from the nodal values on the old mesh. Nodal quantities are likewise determined by interpo

2.20 REMESHING

DYNA2D now contains a powerful remeshing capability to further enlarge the class of prob

that can be solved. This new feature allows the mesh to be completely redefined at any poin

analysis, and new objects can even be added to the analysis model. This capability is mos

for problems with extremely large shape changes, where element distortions become too la

correct just by moving nodes around with the standard DYNA2D rezoner. Examples of prob

in this class include projectile penetration and bulk metal forming operations. This is a new fe

within DYNA2D, and innovative users will doubtless find many unforeseen applications for 

general capability.

The DYNA2D remeshing capability works by allowing the user to stop an analysis, enter th

DYNA2D rezoner and write out MAZE line definitions defining the deformed boundary of ea

material. These line definitions are then read into MAZE where a completely new mesh is

developed for the deformed part, along with appropriate boundary conditions, loads, and slide

ζ1 ζ5
1
4
--- r7 r3–( )2 z7 z3–( )2+[ ]= =

ζ3 ζ7
1
4
--- r1 r5–( ) z1 z5–( )2+[ ]= =

ζ2 ζ6
1
2
--- r1 r5–( ) z1 z5–( ) z7 z3–( )+[ ]= =

ζ4 ζ8 ζ2–= =

ζ1 ζ3 ζ5 ζ7 0.50= = = =

ξ2 ζ4 ζ6 ζ ζ8 0.25–= = = = =
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The resulting new analysis model is then input to DYNA2D along with the restart file from the

analysis model. All stresses, velocities, accelerations, and material history variables are initia

from the old model, and the analysis then continues using the new model.
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3.0 ANALYSIS WITH DYNA2D

The typical engineering analysis process begins with a physical description of some proble

system to be studied. First, a pre-processor or mesh generator is used to construct the mod

program writes a DYNA2D input file. This input file is a standard ASCII text file, so it may b

edited or modified at this stage, if desired. Next, the DYNA2D analysis is run, which generate

ASCII printout file and a number of binary plot and restart files. The analysis may be conducte

in one run, or there may be multiple DYNA2D terminations and restarts in this part of the proc

Finally, a post-processor is used to read the binary plot files and create display and hardco

graphics output of desired quantities. Each of these steps is described in the sections that 

3.1 PRE-PROCESSING AND MODEL GENERATION

DYNA2D does not contain any significant model generation capability, and relies totally on

external software for this task. The public domain mesh generator MAZE (Hallquist, 1983) 

widely used at LLNL and provides full support for all DYNA2D analysis options. The format

the DYNA2D input file is described in Chapter 4 of this manual. Since the DYNA2D input fil

in ASCII text format, many users find it convenient to do all model generation on an engine

workstation, and then transfer the DYNA2D input file to a larger computer to run the analys

3.2 STARTING A NEW DYNA2D ANALYSIS

The execution line for DYNA2D varies slightly depending on the computing platform. On CR

UNICOS and UNIX workstation systems, the execution line is:

DYNA2D i=inf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, c=rcf,s=acf,m=mlf

where

inf=input file name [i]

otf=printed output file name [o]

ptf=binary state data plot file name (for post-processing [g])

dpf=binary standard dump file name (for restarting [d])

thf=binary time history data plot file name (for post-processing [f])
27
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tpf=binary TOPAZ2D plot file name (for temperature profiles [t])

rcf=rezoning command file name (for automatic rezoning [c])

acf=analysis display command file name [s]

mlf=file name containing line definitions for use in MAZE with the remeshing option [m].

On VAX (VMS) systems, the execution line is:

run DYNA2D

The user then types the file name specifications when prompted:

 i=inf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, c=rcf,s=acf,m=mlf

File names must be unique and can have up to six characters. When starting an analysis, th

file name must be specified. For example,

DYNA2D i=inf

is a valid execution line. The specification of other file names is optional, except as noted b

A TOPAZ2D plot file name, t=tpf, must be specified if nodal temperatures are to be read from

TOPAZ2D plot file. A rezoning command file name,c=rcf, should be specified if automatic

rezoning is desired.

Due to the large volume of data generated by a typical DYNA2D analysis, printed results outp

of limited use and is not generated by default. Printed results may be obtained for nodes a

elements selected in time history blocks may be obtained bynotspecifyingf=thf on the DYNA2D

execution line. This omission will signal DYNA2D to write the results for the selected nodes

elements into the printed output file instead of into a binary time history data plot file. A bin

time history file for post-processing with ORION is produced iff=thf is specified on the DYNA2D

command line.

The default file names for DYNA2D files are given in Table 1. It is expected that all file names

have a file extension of .DAT on VAX/VMS systems, however, this extension should never be

specified in defining a file name. No file name extensions are expected on non-VMS system
28
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File sizes are set depending on the computing platform being used. Like the other codes in

MDG set, DYNA2D uses a familied file system to control the length of individual files. In thi

system, a root file is augmented by additional “family members” when data to be written exc

the set file length. New family members are named by appending a two digit number to the

name. For example, following an analysis with several state dumps written to the plot state

database, the resulting family of binary files might be

d2plot

d2plot01

d2plot02

d2plot03.

If, instead of the default, the binary state data plot file nameg=pltdat had been given on the

command line, the resulting file family would be

pltdat

pltdat01

pltdat02

pltdat03 .

Table 1:

Identifier Default file name Purpose

inf (none) input file

otf d2hsp printed output file

ptf d2plot binary plot state data file

dpf d2dump binary standard restart dump file

thf d2thdt binary time history data plot file

tpf (none) TOPAZ2D plot file containing temperature data

rcf (none) rezone command file

acf (none) analysis display command file

mlf mazlin MAZE line definition file for remesh option
29
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Note that file families are specified by their root name, and that there is a maximum of 100 fil

a family.

3.3 INPUT FILE CONVERSION

Previous versions of DYNA2D have used various input file formats. For the last five years, 

format has been as described in the 1987 and 1988 DYNA2D User Manuals. This manual 

duces a completely new input file format, denoted the92  format. The new version of DYNA2D

will run using input files with the old format, but it is advantageous to use the new format si

more functionality is available. Since many DYNA2D users have valuable input files in the o

format, an input conversion utility has been incorporated into this version of DYNA2D. The

conversion utility converts input files which either follow the 1988 manual or the87  format into

the92 format. To convert an old file, first change its name toconvert . Then run DYNA2D using

the execution line

DYNA2D i=convert , s=nwf.

The code will convert the old input file and terminate. The filenwfwill contain the input data in the

92 format.

3.4 INTERACTIVE ANALYSIS STATUS QUERY

DYNA2D offers several “sense switches” to allow the brief interruption of an analysis to reque

status report, request that a plot state or restart file be written at the current time, or to clea

terminate the run. To use sense switches on CRAY/NLTSS, simply type the desired switch 

DYNA2D is executing. On CRAY/UNICOS, VAX/VMS, and SUN/SGI/IBM machines, first

interrupt execution by typing <ctrl >c , and then enter the desired sense switch at the prompt.

following eight sense switches are available:
30
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3.5 RESTARTING A DYNA2D ANALYSIS

The execution line for restarting a DYNA2D analysis from a restart dump file is

DYNA2D i=irf , r=rtf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, c=rcf, s=acf,m=mlf

and for restarting a DYNA2D analysis and immediately entering the rezoner is

DYNA2D z=rezone, i=irf , r=rtf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, c=rcf, s=acf, m=mlf

where

rtf=binary restart dump file name, including the full family name (e.g., d2dump03)

irf=optional restart input file name

and the other file designations are as given in Section 3.2. The restart input file, i=irf , is optional.

This file may be used to redefine output intervals for plotted and printed data and make oth

modifications to the analysis model. The format of the restart input file is described in Chap

Table 2: DYNA2D Sense Switches

Type Code Response

sw1. A restart file is written and DYNA2D terminates.

sw2. DYNA2D responses with time and time step information.

sw3. A restart file is written and DYNA2D continues.

sw4. A plot state is written and DYNA2D continues.

sw5. Enter interactive graphics and rezoning phase.

sw6. Turns on step-by-step printout of time, time step number,
and controlling element number into the hsp file. Retyp-
ing this sense switch turns this output off.

sw7. Prompt for new graphics commands for analysis display.

sw8. Activate or enter new time interval for analysis display.
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Care must be taken to specify the entire name of the binary restart dump file, and not just th

name (e.g., d2dump03, not just d2dump). This is necessary since family members in a sta

restart dump sequence represent different points in an analysis, and it is necessary to specify

restart dump is to be used as the starting point for the current restart run. Some very large pro

require two standard restart dump file family members to store the required data for one re

dump. This case is easily recognized since DYNA2D writes to the screen the name of the fir

in which a specific restart dump is written. In most cases, the first three restart dumps wou

produce messages to the screen like

 restart file d2dump01 written, 186350 words

 restart file d2dump02 written, 186350 words

 restart file d2dump03 written, 186350 words

For very large problems, the first three restart dumps would produce messages to the scre

restart file d2dump01 written, 1586232 words

restart file d2dump04 written, 1586232 words

restart file d2dump07 written, 1586232 words

When restarting these very large problems, the restart dump file name specified byr=rtf on the

command line should name the first restart file family member for the desired restart dump

example, to restart the very large problem above from the second restart dump state, a val

execution line might be

DYNA2D r=d2dump04

Specifying the name of restart files is theonly time a family file member name should be specifie

including the two digit suffix.

3.6 ANALYSIS DISPLAY WITH DYNA2D

The flexibility of workstation-based window systems has driven the need for a continuous dis

of analysis results while running DYNA2D. Results are displayed using one or a sequence 

graphics commands that are described in Chapter 6. The commands available for analysis d

are a subset of those available for interactive rezoning and are very similar to those used w

ORION post-processor. The specified graphics commands are executed at a user-defined 

interval.
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Analysis display may be activated either by specifying a nonzero value for the time interval

analysis display in the DYNA2D input file (described in Chapter 4, section 4.1 on page 37) 

specifying a nonzero value interactively using sense switchsw8. By default, the commands

executed at the specified interval are:

g (display mesh)

f (resume analysis).

This effectively displays the current mesh configuration (refreshed at the specified time inte

A different graphics display can be achieved in two ways. First, an analysis display comman

containing a valid graphics command sequence (see section 6.2 on page 237) can be defin

then specified as the m=acf file. Alternatively, sense switchsw7. may be used to temporarily halt

execution and prompt the user for a new graphics command sequence. Thereforesw7.may be used

to interactively modify the type of analysis display as the simulation evolves. Before any dis

occurs the user will be interactively prompted for the appropriate graphics device number.

To terminate the analysis display option at any time during an analysis, a zero value for the

interval shound be entered after typingsw8.On NLTSS CRAY machines, terminating the analys

display causes the TMDS to be released. The TMDS will be reselected at a later time if intera

rezoning is activated by typingsw5.or a nonzero time interval is specified after again typingsw8.

On other machines with X-Windows graphics, the graphics window will remain after termina

the analysis display. This window may be iconified, butshould not be eliminated unless no other

interactive graphics (rezone or analysis display) is desired for the remainder of the analysis

3.7 REMESHING A DYNA2D MODEL

The remeshing feature in DYNA2D allows for topologically different meshes to be used at

different times during a single analysis. A discussion of the remeshing methodology, remar

the construction of the required input files, and examples illustrating the DYNA2D remeshin

capability are given in Chapter 7. In this section, the procedural steps of running a DYNA2D

analysis with one remesh is given. For the purpose of this discussion, an ‘‘old mesh’’ is use

 and a ‘‘new mesh’’ is used for .

There are four steps to performing a DYNA2D analysis with one remesh:

0 t tremesh≤ ≤ t tremesh>
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Step 1: Run the analysis with the old mesh. The analysis is started with the old mesh input fi

described in section 3.2 on page 27. To perform a remesh at a time , a re

dump file must be created at . Restart dump files are created at the termin

time (as specified in the old mesh input file), by typing sense switchsw1., or as specified

by a restart dump interval in the old mesh input file. Step 1 is complete when this d

file is created.

Step 2: Create MAZE line definitions corresponding to the deformed geometry at .

do this, first restart the analysis and immediately enter the rezoner as described in s

3.5 on page 31. While in the rezoner, specify MAZE line definitions using the ‘‘ld’’ and

‘‘lds’’ commands as described in Chapter 6. The line definitions will be written to the

specified bym=mlf on the DYNA2D command line (this file ismazlin by default). Af-

ter all required line definitions are generated, the ‘‘end’’ command should be used 

minate DYNA2D.

Step 3: Generate the new mesh input file with MAZE using the line definitions generated in 

2. Guidelines for constructing the new mesh are given in Chapter 7.

Step 4: Restart the DYNA2D analysis with an immediate remesh. The execution line is

DYNA2D z=remesh, i=inf, r=rtf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, c=rcf,s=acf,m=mlf

whereinf is the new mesh input file.

By repeating steps 2 to 4 an arbitrary number of successive remaps can be performed.

3.8 POST-PROCESSING AND RESULTS DISPLAY

DYNA2D may write one or two binary plot databases. The state data plot file family is alwa

created and contains information for complete states at relatively infrequent intervals; 50 to

states of data are typical in a state database. The time history data plot file family is create

when thef=thf option is specified on the execution line and contains information for only selec

nodes and elements, but at much more frequent intervals; 1000 to 10,000 states of data are

in a time history database.

t tremesh=

t tremesh=

t tremesh=
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ORION post-processes output from DYNA2D. ORION can read either of the binary plot datab

produced by DYNA2D. ORION allows plotting of color contours, fringes, deformed shapes,

time histories in an interactive graphics environment. ORION can compute a variety of stra

measures, momenta, and other response quantities of interest. An interactive help packag

describes new commands and provides assistance to new or infrequent users. ORION is sup

for the same computing platforms as DYNA2D: CRAY/NLTSS, CRAY/UNICOS, VAX/VMS, an

SUN, Silicon Graphics, and IBM workstations.

On all platforms except CRAY/NLTSS, ORION uses the public domain graphics library DIGL

developed by Hal Brand at LLNL. DIGLIB supports a large number of display and hardcopy

graphics devices, including X-Windows and Sunview on the SUN/UNIX platform and Posts

(black and white or color) for hardcopy output.
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4.0 INPUT FORMAT

The following sections describe the input for DYNA2D. Notational conventions are describe

section 2.1 on page 7. Numerous notes and explanations are given to describe the purpos

application of specific features. The DYNA2D input file is entirely ASCII, and is completely

portable across all computer platforms.

4.1 CONTROL CARDS

Following is the input description for the eight control cards. A set of notes on control card en

follows at the end of this section.

1-72 Heading or problem title 12A6
73-74 Input format option A2

EQ.92: input follows this 1992 manual
NE.92: input follows 1988 manual

Card 2Card 1

Columns Quantity Format
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5

1-5 Number of materials, I5

6-10 Number of nodes, I5

11-15 Number of elements, I5

16-20 Discrete element input option, I5
EQ.0: no discrete element input
EQ.1: discrete elements are defined

21-25 Number of load curves I5

26-30 Number of concentrated nodal loads and follower forces I5

31-35 Number of element sides with pressure or shear loads applied I

36-40 Number of prescribed nodal velocity cards I5

41-45 Base acceleration in -direction (plane strain only) I5
EQ.0: no -acceleration
EQ.1: -acceleration is prescribed

46-50 Base acceleration in -direction I5
EQ.0: no -acceleration
EQ.1: -acceleration is prescribed

51-55 Angular velocity about -axis (axisymmetric only) I5
EQ.0: no angular velocity
EQ.1: angular velocity is prescribed

Card 2Card 2

Columns Quantity Format

NUMMAT

NUMNP

NUMEL

INPSD

r
r

r

z
z

z

z
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1-5 Initial conditions flag I5
EQ.0: initialize all velocities to zero
EQ.1: initial velocities are specified in input

6-10 Number of nonreflecting boundary definitions I5

11-15 Number of rigid walls I5

Card 2Card 3

Columns Quantity Format
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I5

10.0

.0
1-5 Number of defined slidelines, I5

6-10 Number of slidelines intersections, I5

11-15 Automatic contact algorithm flag, I5
EQ.0: no automatic contact
EQ.1: active material list input in section 4.25 on page 221
EQ.2: all materials are active for auto contact

16-20 Scope of contact searching (1 to 4) I5
EQ.0: default, set to 1
EQ.1: fastest search
EQ.4: most robust search

21-25 Search frequency for automatic slidelines (defaults to every 10 steps)

26-35 Scale factor for automatic slideline penalty number (default=1.0) E

36-45 Low velocity friction coefficient, E10.0

46-55 High velocity friction coefficient, E10.0

56-65 Exponential friction decay constant, E10

Card 2Card 4

Columns Quantity Format

NUMSI

NUMSIN

IAUTO

µs

µk

β
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.0
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.0
1-10 Termination time E10.0

11-20 Initial time-step size E10.0
EQ.0.0: an initial time-step size is computed

21-25 Number of time steps between restart dumps I5
EQ.0: restart dump is written when normal termination occurs

26-35 Scale factor for computed time step size, E1
(DEFAULT =.67)

36-45 Reduction factor, , to determine minimum permissible E1
time step (< 1.0)

NE.0.0: calculation terminates when
where  is the initial time-step size.

46-55 Time to begin automatic rezoning E10

56-65 Time to end automatic rezoning E10

66-75 Time interval between automatic rezoning E10

Rezoning data in columns 46-65 is only used if a rezone command file is specified (c=rcf) on the

execute line.

Card 2Card 5

Columns Quantity Format

SFCT

RF

DT RF DTI×≤
DTI
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0.0

0.0
1-10 Time interval between output of printout or time history plot data E1

11-20 Time interval between output of state plot data E1

21-25 Number of node time history blocks I5

26-30 Number of element time history blocks I5

31-35 Output option for internal energy I5
EQ.0: internal energy is not written into state plot database
EQ.1: internal energy is written into state plot database

36-40 Chemistry dump option I5
EQ.0:  written to state plot database
EQ.1: temperature written to state plot database

41-45 History variable dump flag I5
EQ.0: history variables are not written
EQ.1: history variables are written into state plot database

46-50 Peak value dump flag I5
EQ.0: peak values are not written
EQ.1: peak values of displacements, velocities, max/min principal
stress and max/min pressure are written into the state plot
database for each element (ORION components 71-79).

51-60 Time interval between updates of analysis display E1
EQ.0: no analysis display
GT.0: simulation time interval between display refreshes.

61-65 Number of time steps between status updates print to file. I5

Card 2Card 6

Columns Quantity Format

p2T
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1-5 Geometry type I5
EQ. 0: axisymmetric
EQ. 1: plane strain

6-10 Brode function flag, I5
EQ.0: Brode functions are not used.
EQ.1: Brode parameters are defined.
EQ.2: HE parameters are defined.

11-15 Number of points in density vs. depth curve for I5
gravity stress initialization, .

16-20 Number of nodal constraint sets I5

21-25 High Explosive burn option, I5
EQ.0: beta burn
EQ.1: programmed burn - elements that are lit at time zero are
designated in the element data
EQ.2: programmed burn - lighting is defined in section 4.5 on page 173.
EQ.3: volume burn - lighting times are specified on element cards

26-30 Thermal effects option I5
EQ.0: no thermal effects
EQ.n: temperature-time history is defined by load curve
LT.0: nodal temperatures are defined in TOPAZ2D plot files

31-35 Number of materials with ALE formulation, I5

36-40 Number of ALE boundary segments, I5

41-45 Element formulation for axisymmetric geometries, I5
EQ.0: default
EQ.1: Petrov-Galerkin

Card 2Card 7

Columns Quantity Format

IBRODE

NUMDP

IHE

n

NALE

NABC

IPETFX
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1-5 Hourglass stabilization method, I5
EQ.0: default set to “1”
EQ.1: standard DYNA2D
EQ.2: rotational
EQ.3: Flanagan-Belytschko
EQ.4: Hancock
EQ.5: stiffness

6-15 Hourglass viscosity coefficient, ( , default = 0.10) E10
.EQ.1:  for stability
.EQ.2:  for stability
.EQ.3:  for stability
.EQ.4:  for stability

16-20 Bulk viscosity type, I5
EQ.0: default set to “1”
EQ.1: standard DYNA2D
EQ.2: Richards-Wilkins

21-30 Quadratic shock viscosity coefficient (default = 1.5) E1

31-40 Linear shock viscosity coefficient (default =.06) E10

41-45 Stress rate default reset I5
EQ.0: DYNA2D default stress rate for this material
EQ.1: Jaumann rate
EQ.2: Green-Naghdi rate

A bulk viscosity method is used to smear shock fronts across a small number of elements.

procedure improves numerical behavior and minimizes spurious oscillations which may app

the vicinity of strong shocks in numerical models.

The above inputs may be used to reset certain DYNA2D global defaults. These new values

become the DYNA2D defaults for the entire analysis. For any given material, these values 

overridden by optional values given on the Material Control Card.

Card 2Card 8

Columns Quantity Format

IHQ

Qh
IQH Qh 0.15≤
IQH Qh 0.20≤
IQH Qh 0.40≤
IQH Qh 0.40≤

IBQ
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Problem Definition Notes

(card):(field) Comments________________________________________________

1 : 2 Enter92 to use the input format described in this manual. Old format inp
files may be converted to the 92 format using the convert utility described
section 3.3 on page 30.

2 : 1 Materials are defined as described in section 4.2 on page 51.

2 : 2 Nodal coordinates and boundary conditions are defined as described 
section 4.3 on page 169.

2 : 3 Element connectivities and attributes are defined as described in sectio
on page 171.

2 : 4 Set this flag to 1 if discrete springs, dampers, and masses are specifie
described in section 4.22 on page 209.

2 : 5 Define load curves as described in section 4.8 on page 183.

2 : 6 Define concentrated nodal loads and follower forces as described in se
4.9 on page 186.

2 : 7 Define pressure loads and shear tractions on element faces as descri
section 4.10 on page 187.

2 : 8 Define specified velocity boundary conditions as described in section 
on page 189.

2 : 9-10 Prescribed base acceleration may be used to apply load to a structure. D
the components of translational acceleration as described in section 4.1
page 191.Note that a nonzero -component may only be specified for a
plane strain geometry.

2 : 11 A prescribed angular velocity about the -axis may be used to apply lo
to a structure. Define an angular velocity as described in section 4.13 
page 192.Note that angular velocity may be prescribed for axisymmetri
geometries only.

3 : 1 Specify nonzero initial velocities as described in section 4.15 on page

3 : 2 Nonreflecting boundaries prevent artificial stress wave reflections arisi
from a finite model of an infinite domain. Define nonreflecting boundar
as described in section 4.15 on page 194.

3 : 3 Rigid walls are used to define unilateral contact, such as the impact of
body into a large, rigid object. Define rigid walls as described in section 4
on page 197.

r

z
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Problem Definition Notes (continued)

(card):(field) Comments________________________________________________

4 : 1 Sliding interfaces allow general contact between bodies or parts of bo
Define slidelines as described in section 4.18 on page 199. Slideline de
tions are not required when automatic contact is used (see Control Ca

4 : 2 Define slideline intersections as described in section 4.19 on page 205
These are only needed for slidelines which use a nodal constraint form
lation (see discussion in section 2.11 on page 14).

4 : 3 Automatic contact eliminates the need to define individual slidelines w
master and slave contact surfaces. Automatic contact may be defined 
subset of materials ( ) as described in section 4.25 on page 2
or may include all materials ( ). Automatic contact is slightl
more expensive than defining the required individual contact surfaces,
may be less prone to input error.

4 : 4 This option selects the level of sophistication in the closest node searc
the automatic contact algorithm (default=1, maximum=4). Experience 
shown the default value to work well at minimum cost for most problem
but if contact seems to be ‘‘missed’’ by the code then this parameter sho
be set to a higher number to obtain a more accurate search.

4 : 5 This parameter sets the number of time steps between large-domain
searches in the automatic contact algorithm (default=10). Setting this
parameter to a smaller value may correct poor slideline performance, w
increasing cost. Increasing this value from default will decrease the cos
automatic contact.

4 : 6 This factor is used in the automatic contact algorithm to determine the
magnitude of the restoring force placed on a penetrating node. In gene
increasing this factor decreases interpenetration, but may adversely af
stability if the time step scale factor is not also reduced.

4 : 7-9 The automatic contact algorithms incorporate a rate-dependent Coulo
friction law. The coefficient of friction is given by

, (24)

where  and  are the static and kinetic friction coefficients,  is a
transition coefficient governing the rate of change from static friction to
kinetic friction, and  is the relative velocity between the two sliding
surfaces. Note that if  and , then a rate-independent fricti
model is recovered with .

IAUTO 1=
IAUTO 2=

µ µk µs µk–( )e βvrel–+=

µs µk β

vrel
µk 0= β 0=

µ µs=
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Problem Definition Notes (continued)

(card):(field) Comments________________________________________________

5 : 2 By default, DYNA2D chooses the initial time step. The time step size
DYNA2D is governed by the Courant criterion, and may simply be thoug

of as , where is the smallest distance across any elem

in the mesh,  is the mass density, and  is a material modulus.

5 : 3 Restart files are written consecutively and are not overwritten, thus allow
restart from any point at which a restart file was written. The use of res
is described in Chapter 5.

5 : 4 This factor is multiplied by the maximum stable time step to determine
time step size actually used by DYNA2D. This is useful for the (rare) sit
tions in which the time step size is chosen based on other than stabilit
considerations.

5 : 5 This options terminates DYNA2D when a minimum time step size is
reached, and prevents the code from consuming large amounts of comp
time if the time step falls to a very small value.

5 : 6 If automatic rezoning is desired, enter the solution time at which autom
rezoning is to begin. The default value is zero. Automatic rezoning may o
be used if a rezone command file is specified (c=rcf) on the execute line.

5 : 7 If automatic rezoning is used, enter the solution time at which the last
rezoning is to occur. The default value is the problem termination time (i
rezoning will continue at the specified time interval throughout the enti
solution).

5 : 8 If automatic rezoning is used, enter the solution time interval between
automatic rezoning operations.

6 : 1 The time history database allows plotting information to be stored
frequently for a selected group of nodes and elements, thus allowing
resolution of high frequency response components. Data for nodes an
elements included in the time history database is output at the interval
defined in this field. This data is written in binary form into the file specifie
by f=thf, or printed into the file specified byo=hsp if no time history plot
file is defined on the execute line.

6 : 2 The state plot database contains data for all nodes and elements of a m

6 : 3-4 Nodes and elements are selected for inclusion in the time history data
as described in section 4.6 on page 181 and section 4.7 on page 182.

∆t

∆t Le
min

ρ
E
---∼ Le

min

ρ E
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Problem Definition Notes (continued)

(card):(field) Comments________________________________________________

6 : 8 If this option is activated, DYNA2D keeps a running tab on the maximu
values of  and  displacements,  and  velocities, maximum and
minimum principal stresses, and maximum and minimum pressures. Th
peak values are written into the state plot database at each plot state, 
may be plotted using ORION components 71-79.

6 : 9 Analysis display provides a continuous graphical display of the deform
model. This parameter specifies the interval, in simulation time, betwe
updates of this display. Using too small an interval can significantly imp
performance on vector supercomputers, but has somewhat less impac
engineering workstations. It is usually best to set this parameter to pro
an update every 5 to 30 seconds of real (wall-clock) time. Analysis disp
is turned off by specifying a zero time interval.

7 : 1 Specify the applicable geometry: torsionless axisymmetry or plane strain
axisymmetry analysis, the axis of symmetry is the -axis. In plane stra
analysis, the  and  axes are in-plane.

7 : 2 This option is used to define a pressure time history using the Brode func
definition. Define the Brode parameters as described in section 4.21 on
208, and the surfaces to receive the pressure loading as described in se
4.10 on page 187.

7 : 3 Density vs. depth curves are used to permit initialization of a hydrosta
stress state due to overburden and gravity. These curves are defined a
described in section 4.20 on page 206.

7 : 4 Nodal constraints are used to constrain two or more nodes to share a
common degree of freedom. Define nodal constraint sets as described
section 4.14 on page 193.

7 : 5 High explosive burn options are described in section 4.5 on page 173.

7 : 6 Temperatures must be defined if temperature-dependent material prop
are used. Several options are available for specifying temperatures for
DYNA2D. Care should be taken in the definition of the reference, or stre
free temperature.

7 : 7 ALE functions as a fully automatic rezoner in DYNA2D. The use of ALE
described in section 4.23 on page 213.

7 : 8 ALE boundary segments*** need words here *** . Input ALE boundary
segments as described in section 4.23 on page 213.

r z r z

z
y z
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Problem Definition Notes (continued)

(card):(field) Comments________________________________________________

8 : 1 Several algorithms are available for the stabilization of hourglass mod
Stabilization option  with  has been found by some
analysts to work well at very high deformation rates.

8 : 2-5 The global default values of the hourglass viscosity and shock viscosi
may be reset. These values may also be altered for a specific material i
Material Cards, as described in section 4.2 on page 51. Bulk viscosity
methods are used for added stability and resolution when shock wave
present.

8 : 6 By default, DYNA2D uses a Green-Naghdi stress rate for kinematic
hardening plasticity, a total-Lagrangian formulation for hyperelastic
materials, and a Jaumann stress rate for all other materials. This default
be globally reset on Control Card 8, or reset for a particular material on
Material Control Card. The default stress rates are accurate and cost-
effective in most applications.

IHQ 4= Qh 0.30≈
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4.2 MATERIALS

Repeat the following set of cards for each material definition until materials have b

defined. Materials may be input in any convenient order, but all materials must be defined.

Materials are referenced by their material number, which is used for identification only. Mat

type refers to the material model number, such as Material Type 1 for elastic behavior.

A material model typically requires 8 cards for input, and exceptions are noted as appropria

brief list of notes follows the description of the Material Control Card.

Some material models, called ‘‘hydrodynamic’’ models, define only the deviatoric behavior o

material. An equation of state must be defined in conjunction with these hydrodynamic mod

specify the volumetric behavior of the material. Materials requiring an equation of state are cl

identified as such by a note at the top of the first page of the input description. Following th

material cards of a hydrodynamic material, the equation of state is defined. Note that differ

equations of state may require a different number of input cards. Also note that an equation o

is required by some material models and is not permitted by others.

NUMMAT
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5

1-5 Material identification number I5

6-10 Material type (asterisk * indicates an equation of state is required) I5
EQ. 1: elasticity
EQ. 2: orthotropic elasticity
EQ. 3: kinematic/isotropic plasticity
EQ. 4: thermo-elastic-plastic
EQ. 5: soil and crushable foam
EQ. 6: viscoelasticity
EQ. 7: Blatz-Ko hyperelastic rubber
EQ. 8: high explosive burn*
EQ. 9: fluid*
EQ.10: elastic-plastic hydrodynamic*
EQ.11: Steinberg-Guinan high rate plasticity*
EQ.12: Johnson/Cook plasticity*
EQ.13: power law plasticity
EQ.14: viscoplasticity
EQ.15: Armstrong-Zerilli plasticity*
EQ.16: concrete/geologic model*
EQ.17: not currently available
EQ.18: extended two invariant geologic cap
EQ.19: Frazer-Nash hyperelastic rubber
EQ.20: laminated composite
EQ.21: isotropic elastic-plastic
EQ.22: Steinberg-Guinan-Lund rate dependent plasticity*
EQ.23: three-invariant viscoplastic cap model
EQ.24: Bammann plasticity
EQ.25: Bammann plasticity with damage
EQ.26: circumferentially cracked elastoplasticity

11-20 Mass density, E10.0

21-25 Equation of state type. Define only for material types 8-12, 15, 16, and 22. I
EQ. 1: linear polynomial
EQ. 2: JWL high explosive
EQ. 3: Sack high explosive
EQ. 4: Gruneisen
EQ. 5: ratio of polynomials
EQ. 6: linear polynomial with energy deposition
EQ. 7: ignition and growth of reaction in HE
EQ. 8: tabulated compaction
EQ. 9: tabulated
EQ. 10: propellant

Card 2Card 1

Columns Quantity Format

ρ
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EQ. 11: tensor pore collapse
EQ.12: shock initiation of composite HE
EQ.13: pressure vs. time via load curve
EQ.14: JWLB high explosive

26-30 Hourglass stabilization method, I5
EQ.1: standard DYNA2D (default)
EQ.2: rotational
EQ.3: Flanagan-Belytschko viscosity form
EQ.4: Hancock
EQ.5: stiffness

31-40 Hourglass viscosity coefficient, E10.

41-45 Bulk viscosity type, I5
EQ.1: standard DYNA2D (default)
EQ.2: Richards-Wilkins

46-55 Quadratic viscosity coefficient E10.

56-65 Linear viscosity coefficient E10.0

66-70 Stress rate option I5
EQ.0: DYNA2D default stress rate for this material
EQ.1: Jaumann rate
EQ.2: Green-Nagdi rate

Material Control Card Notes

field Comments________________________________________________

1 The material identification number should be between 1 and
the number of materials in the problem. Materials may be input in any ord
but all materials must be defined.

2 The material type defines the mathematical model used to evaluate th
material stress-strain behavior. Note that some material typesmustbe used
with an equation-of-state.

3 Define the mass density for the material in consistent units. No unit con
sions are done internally in DYNA2D. See section 2.2 on page 8 for a
complete discussion of units in DYNA2D.

4 Some material types (marked with an asterisk) require an equation-of-s
A nonzero value for EOS type must be specified for these materials.

Columns Quantity Format

IHQ

Qh

IBQ

NUMMAT
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5, 6 The default hourglass stabilization algorithm and parameters may be
modified for this material, if desired.

7-9 Bulk viscosity methods are used for added stability and resolution whe
shock waves are present.

10 An objective stress rate is used in the stress update calculations for al
materials except 2, 7, 8, 9, and 19. Material types 2, 7, and 19 are hyp
elastic and use a total formulation. Material type 8 has no deviatoric stres
and material type 9 is purely viscous in deviatoric stress and therefore ne
no stress rate treatment.
54



DYNA2D User Manual MATERIALS

tify
1-72 Material identification 12A6

This material title will appear in the printed output. It is often helpful to use this heading to iden

the physical material for which the DYNA2D material model was constructed.

Card 2Card 2

Columns Quantity Format
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Define material cards 3, . . . , 8 as described below for the chosen material type.

Material Type 1 (Elastic)

1-10 Card 3 Young’s modulus, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

Card 5 Blank

Card 6 Blank

Card 7 Blank

Card 8 Blank

This model produces linear elastic material behavior.

Card 2Cards 3, . . . , 8

Columns Quantity Format

E

ν
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Material Type 2 (Orthotropic Elastic)

1-10 Card 3 Elastic modulus,  (see Figure 2) E10

11-20 Elastic modulus, E10.0

21-30 Elastic modulus, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

11-20 Poisson’s ratio, E10.0

21-30 Poisson’s ratio, E10.0

1-10 Card 5 Shear modulus, E10.

1-10 Card 6 Material axes definition option, AOPT E10

EQ.0.0:  locally orthotropic with material axes
determined by angle  and element nodes and
specified on each element card.

EQ.1.0:  locally orthotropic with material axes
determined by a point in space and the global
location of the element center.

EQ.2.0:  globally orthotropic with material axes
determined by angle .

1-10 Card 7 Coordinate  or  (define for AOPT = 1.0) E10

11-20 Coordinate  (define for AOPT = 1.0) E10.

1-10 Card 8 Angle , in radians (define for AOPT = 2.0) E10

The constitutive matrix  relating increments in stress to increments in strain is defined as

, (25)

where is the appropriate transformation matrix and is the constitutive matrix defined in te

of the orthogonal material axes,  and,

Columns Quantity Format

Ea

Eb

Ec

νba

νca

νcb

Gab

Ψ n1 n2

ΨG

yp r p

zp

ΨG

C

C TTCLT=

T CL

a b
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stants
. (26)

Poisson's ratios are defined as

(27)

which represents the strain ratio resulting from a uniaxial stress applied in thei-th direction. Note

that symmetry of the elastic compliance  implies

, , and . (28)

Further, positive definiteness of  yields the following restrictions on the elastic constants

, , and . (29)

Nonphysical energy growth may appear in the solution if these restrictions on the elastic con
are not observed.

CL
1–

1
Ea

-----
νba

Eb

-------–
νca

Ec

------– 0

νab

Ea

-------–
1
Eb

-----
νcb

Ec

------– 0

νac

Ea

------–
νbc

Eb

------–
1
Ec

----- 0

0 0 0
1

Gab

--------

=

νi j
ε j–
εi

-------=

CL
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-------
νba
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-------=
νca

Ec

------
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Ec

------
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CL

νba
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1
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1
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Figure 2
Options for determining the principal material axes

(a) AOPT = 0.0; (b) AOPT = 1.0; (c) AOPT = 2.0.
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Material Type 3 (Kinematic/Isotropic Elastic-Plastic)

1-10 Card 3 Young’s modulus, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

1-10 Card 5 Yield stress, E10.0

1-10 Card 6 Tangent modulus, E10.

1-10 Card 7 Hardening parameter, E10

1-10 Card 8 Effective plastic strain at failure, E10

The material behavior is elastoplastic and includes linear strain hardening and material failure

hardening parameter  specifies an arbitrary combination of kinematic and isotropic harde

 yields purely kinematic hardening, while  gives purely isotropic hardening.

Figure 3 illustrates the effect of  on the uniaxial stress-strain curve. The numerical algorith

used in this model are adapted from (Krieg and Key, 1976).

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

The yield condition can be written

, (30)

where  is the effective stress and  is the current yield stress, which may be a function o

effective plastic strain  if strain hardening is included. For isotropic hardening, the effectiv

stress  is given by

, (31)

where  is the deviatoric stress tensor. For kinematic hardening,

(32)

where the translated stress  is defined as

, (33)

and  is the (deviatoric) back stress tensor.

Columns Quantity Format

E

ν

σ0

ET

β

ε f
p

β
β 0.0= β 1.0=

β

ε f
p

φ σ σy εp( )–=

σ σy

εp

σ

σ 3
2
---sij sijŁ ł

1
2
---

=

sij

σ 3
2
---ηi j ηi jŁ ł

1
2
---

=

ηi j

ηi j sij αi j–=

αi j
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The linear isotropic hardening law has the form

, (34)

where  is the current yield stress,  is the initial yield stress, and  is the plastic modu

The effective plastic strain  is given by

, (35)

where the incremental effective plastic strain  is found from the incremental plastic strai

tensor  as

ε

σ

E

ET

β 0.0=

β 1.0=

Figure 3
Uniaxial stress-strain curve showing elastic-plastic material behavior for kinematic hardeni

( ) and isotropic hardening ( ).β 0= β 1.0=

σmax

2σmax

σ0

2σ0

σy σ0 βEpε
p+=

σy σ0 Ep

εp

εp dεp

0

t

∫=

dεp

dεi j
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. (36)

The plastic modulus is found from Young’s modulus  and the tangent modulus  using

. (37)

The plastic hardening modulus is the slope of the inelastic portion of the effective stress

effective plastic strain curve. Similarly, the tangent modulus is the slope of the inelastic

of a uniaxial stress vs. strain curve (or equivalently, the effective stress vs. effective strain c

Kinematic and isotropic hardening elastoplastic models yield identical behavior under mono

loading. Under reversed loading from a maximum stress , kinematic hardening predict

reverse yielding when the stress has unloaded by an amount , and isotropic hardening p

that reverse yielding occurs when the stress reaches . Thus, under cyclic loading cond

where many stress reversals may occur, kinematic hardening predicts a hysteretic energy 

pation, while isotropic hardening predicts no energy dissipation after the first cycle. The isotr

model is slightly faster in computation speed, however.

dεp 2
3
---dεi j

pdεi j
p

Ł ł

1
2
---

=

E ET

Ep
EET

E ET–
----------------=

Ep σ
εp ET

σmax

2σ0

σmax–
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Material Type 4 (Thermo-Elastic-Plastic)

1-10 Card 3 First temperature, E10.

11-20 Second temperature, E10.

  .  . .

  .  . .

  .  . .

71-80 Eighth temperature, E10.0

1-10 Card 4 Young’s modulus at first temperature, E10

11-20 Young’s modulus at second temperature, E1

  .  . .

  .  . .

  .  . .

71-80 Young’s modulus at eighth temperature, E10

1-10 Card 5 Poisson’s ratio at first temperature, E1

11-20 Poisson’s ratio at second temperature, E1

  .  . .

  .  . .

  .  . .

71-80 Poisson’s ratio at eighth temperature, E10

1-10 Card 6 Secant coefficient of thermal expansion, E10.0

11-20 Secant coefficient of thermal expansion, E10

  .  . .

  .  . .

  .  . .

71-80 Secant coefficient of thermal expansion, E10

Columns Quantity Format

T1

T2

T8

E1

E2

E8

ν1

ν2

ν8

α1

α2

α8
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1-10 Card 7 Yield stress at first temperature, E10.0

  . Yield stress at second temperature, E10

. . .

  .  . .

  .  . .

71-80 Yield stress at eighth temperature, E10

1-10 Card 8 Plastic modulus at first temperature, E1

11-20 Plastic modulus at second temperature, E1

  .  . .

  .  . .

  .  . .

71-80 Plastic modulus at eighth temperature, E1

At least two temperatures and their corresponding material properties must be defined. Th

analysis will be terminated if a material temperature falls outside the range defined in the inp

a thermo-elastic material is desired (i.e., no plasticity effects), leave Cards 7 and 8 blank.

The plastic hardening modulus  is the slope of the effective stress vs. effective plastic str

curve (or equivalently, the uniaxial stress vs. effective plastic strain curve). The plastic hard

modulus may be found from the tangent modulus  as

, (38)

where the tangent modulus  is the slope of the post-yield portion of the uniaxial stress - s

curve.

Thermal expansion due to temperature change is included when nonzero values of are spe

Thesecantcoefficient of thermal expansion can also be a function of temperature, and is de

with respect to the reference temperature at the beginning of the calculation for that material.

thermal strain  is defined in terms of the secant thermal expansion coefficient  as

, (39)

σy1

σy2

Columns Quantity Format

σy8

Ep1

Ep2

Ep8

Ep

ET

Ep
EET

E ET–
----------------=

ET

α
α

εi j
T α

εi j
T α T Tref–( )δi j=
64



DYNA2D User Manual MATERIALS

rature

ient

ust be

t with

emper-

d by

mal

 are
where  is the current temperature and  is the reference temperature. Therefore, tempe

dependent secant coefficients of thermal expansion should be defined as the valueto that temper-

ature, not the valueat that temperature. The secant coefficient is related to the tangent coeffic

of thermal expansion  by

. (40)

For temperature independent coefficients of thermal expansion,  is identical to , and the

classical definition of thermal expansion is valid.

Since this model is temperature dependent, the thermal effects option on Control Card 7 m

nonzero. Care should be taken to define secant coefficients of thermal expansion consisten

the reference temperature. The reference temperature in this model is chosen as the first t

ature in the TOPAZ2D plot files, or the temperature at time if temperature is specifie

a load curve.

This model is applicable to materials exhibiting elastic or elastoplastic behavior where ther

effects are important. Both thermal strains and temperature-dependent material properties

included.

T Tref

α
α

α 1
T Tref–
------------------ α T( )dT

Tref

T

∫=

α α

t 0.0=
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Material Type 5 (Soil and Crushable Foam)

1-10 Card 3 Shear modulus, E10.

11-20 Bulk unloading modulus, E10.0

21-30 First yield function constant, , or alternatively, E10
set  to select load curve option

31-40 Second yield function constant, , or E10
load curve no.  giving pressure vs. volumetric strain

41-50 Third yield function constant, , or E10.
load curve no.  giving yield stress vs. pressure

51-60 Pressure cutoff for tensile fracture, E10

1-10 Card 4 First (most tensile) tabulated volumetric strain, E1
(see Figure 4)

11-20 First tabulated pressure,  ( ) E10

21-30 Second tabulated volumetric strain, E10

31-40 Second tabulated pressure, E10

1-10 Card 5 Third tabulated volumetric strain, E10

11-20 Third tabulated pressure, E10.

21-30 Fourth tabulated volumetric strain, E10

31-40 Fourth tabulated pressure, E10

1-10 Card 6 Fifth tabulated volumetric strain, E10

11-20 Fifth tabulated pressure, E10.

21-30 Sixth tabulated volumetric strain, E10.

31-40 Sixth tabulated pressure, E10

1-10 Card 7 Seventh tabulated volumetric strain, E1

11-20 Seventh tabulated pressure, E10

21-30 Eighth tabulated volumetric strain, E10

31-40 Eighth tabulated pressure, E10

Columns Quantity Format

G

Ku

a0 0>
a0 0<

a1

NC1

a2

NC2

pcut

εv1

p1 p1 0<

εv2

p2

εv3

p3

εv4

p4

εv5

p5

εv6

p6

εv7

p7

εv8

p8
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1-10 Card 8 Ninth tabulated volumetric strain, E10

11-20 Ninth tabulated pressure, E10.

21-30 Modified elliptical surface flag, E10.0
EQ.0.0: unmodified surface
EQ.1.0: failure surface is constant at high pressures

This model is based on the formulation suggested in (Key, 1974). This model has two options

using an analytical function to describe the variation of yield stress with pressure, and one u

load curve to define a pressure-dependent yield stress. The analytical form is obtained if th

constant is input as a positive number (which is required for a physically meaningful analy

model), and the load curve form is obtained if  is input as a negative number. If the load c

form is chosen, data on Cards 4-8 is ignored, and load curve  is used for to describe th

pressure vs. volumetric strain curve. Load curve is then used to directly specify the

stress  as a function of pressure.

Pressure is positive in compression, and volumetric strain is negative in compression. Volu

strain is given by the natural logarithm of the relative volume. The tabulated pressure-volum

strain data may contain up to nine pairs of points, and must be given in order of increasing

compression. If the pressure drops below (i.e., becomes more tensile than) the cutoff value

then the pressure is reset to the cutoff value.

The deviatoric perfectly plastic yield function  is defined as

, (41)

where , , and  are constants,  is pressure, and  is the second invariant of the dev

stress tensor  given by

. (42)

Plastic flow is nonassociative if  or  are nonzero.

On the yield surface, , whereσy is the uniaxial yield stress. Thus, the yield stress at a

pressure  is given by

. (43)

Columns Quantity Format

εv9

p9

AMOD

a0

a0

NC1

p εv NC2

σy

pcut

φ

φ J2 a0 a1p a2p2+ +[ ]–=

a0 a1 a2 p J2

s

J2
1
2
---sij sij=

a1 a2

J2
1
3
---σy

2=

p

σy 3 a0 a1p a2p2+ +( )[ ]
1
2
---

=
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There is no strain hardening in this model, so the yield stress is completely determined by 

pressure.

To eliminate the pressure dependence of the yield strength, set and .

approach is useful when a von Mises type elastic-plastic model is desired for use with tabu

volumetric data. Note .

The variation of as a function of has three conical forms which depend on the paramete

elliptic ( ), parabolic ( ), or hyperbolic ( ). These three forms are shown in

Figure 5 in terms of  vs. . Figure 6 shows the corresponding forms in a more familiar

engineering form of  vs. . The elliptic yield function curves back toward the  axis at hig

pressures and predicts a softening behavior which is not often observed in test data. If the mo

elliptical yield surface flag  is nonzero, then the elliptical yield surface is used up to 

point of maximum . For higher pressures, the yield surface is extended as a von Mises s

The resulting yield surface is depicted in Figure 5 and Figure 6. This modification yields mu

improved agreement with a test data for many geologic materials such as concrete, as discu

(Schwer, Rosinsky, and Day, 1988).

a1 a2 0= = a0
1
3
---σy

2=

εv
V
Vo

------Ł łln=

Figure 4
Pressure vs. volumetric strain curve for soil and crushable foam model.

pcut

p

εv–

Ku

σy p a2

a2 0< a2 0= a2 0>
J2 p

σy p p

AMOD

J2
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Figure 5
Material type 5 failure surface forms in  vs.  space.J2 p

P

J2

a
0

p
0

a2 0>
a2 0=

a2 0<

AMOD 1=

AMOD 0=

Figure 6
Material type 5 failure surface forms in  vs.  space.σy p

P

sy

a
0

p
0

a2 0> a2 0=

a2 0<

hyperbolic parabolic

elliptic

AMOD 0=

AMOD 1=

Pcrit
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The unmodified elliptic yield surface crosses the  at a pressure , as shown in Figu

Thus, is the maximum pressure at which the unmodified elliptic failure surface may be us

is easily shown that

. (44)

The modified elliptic yield surface transitions to a von Mises surface at pressures greater than

where

. (45)

This material model is useful as a simple representation of pressure hardening, where the dev

yield strength of a material increases as the hydrostatic pressure increases. At any constan

pressure, the deviatoric behavior is elastic perfectly-plastic. This model permits a general rep

tation of the material volumetric behavior via a tabulated pressure-volumetric strain curve. 

flexibility makes this model useful for representing materials with a stiffening pressure-volu

curve, such as porous materials like wood or foam. This model is also often used as a simp

model for concrete or soil.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero pressure cutoff  a

specifying, on Control Card 4, that this material is active for automatic contact. If erosion is ac

then the material erodes whenever the pressure becomes more tensile than . Erosion i

discussed in detail in section 2.12 on page 17.

***** Currently, must input pcut>0 (and still interpreted as tensile value) to get erosion of

the element.****

**** Also should add strain-based erosion criterion as per G R-P? ***

σy 0= p0

p0

p0
a1 a1

2 4a0a2–+–
2a2

-------------------------------------------=

pcrit

pcrit
a1

2a2

--------–=

pcut

pcut
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Material Type 6 (Viscoelastic)

1-10 Card 3 Elastic bulk modulus, E10.

1-10 Card 4 Short-time shear modulus, E10

1-10 Card 5 Long-time shear modulus, E10

1-10 Card 6 Decay constant, E10.

Card 7 Blank

Card 8 Blank

This implementation of viscoelasticity is based on (Key, 1974). The deviatoric stresses are 

from

, (46)

where the shear relaxation behavior is described by

(47)

and  is the deviatoric strain rate. The volumetric response is elastic, so the pressure  is

computed from the current volumetric strain  using

, (48)

where is the elastic bulk modulus. The viscoelastic model is useful for modeling rate-depen

elastic materials. It is also effectively used whenever viscous dissipation is desired with devia

(shear) deformations.

Columns Quantity Format

K

G0

G∞

β

sij 2 G t τ–( )ėij dτ
0

t

∫=

G t() G∞ G0 G∞–( )e βt–+=

ėij p

εv

p Kεv–=

K
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Material Type 7 (Blatz - Ko Hyperelastic Rubber)

1-10 Card 3 Shear modulus, E10.

Card 4 Blank

. .

 . .

 . .

Card 8 Blank

This model is a hyperelastic model based on the implementation in (Key, 1974), and is appro

for materials undergoing moderately large strains. In this formulation, the second Piola-Kirch

stress  is computed as

, (49)

where is the relative volume, is the right Cauchy-Green strain tensor, and is Poisson’s

which is set to.463 internally. The Cauchy stress  is then found from  using

, (50)

where  is the deformation gradient and  is the Jacobian of the deformation.

The Blatz-Ko hyperelastic model is often used to represent the behavior of rubber at mode

large strains. The Blatz-Ko formulation yields a slightly compressible material. Only one inp

parameter is required, and therefore this model may be useful when detailed test data is no

available for the material of interest.

Columns Quantity Format

G

t

τi j G
1
ν
---Cij V

1–
1 2ν–
---------------

δi j–Ł ł=

V Ci j ν
s t

s
1
J
---FtFT=

F J
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Material Type 8 (High Explosive Burn)
An equation of state must be used with this model.

1-10 Card 3 Detonation velocity, E10.0

11-20 Chapman-Jouguet pressure, E10

Card 4 Blank

    .     .

    .     .

    .     .

Card 8 Blank

This model is based on work described in (Giroux, 1973), and is used in conjunction with the

burn option (see Control Card 7 in section 4.1 on page 37) to model the burning of explosives

detonation velocity is the velocity of a detonation or burn front. The Chapman-Jouguet pre

 is the maximum pressure realizable in a constant volume adiabatic burn.

During DYNA2D initialization, the lighting time of each element is computed using the selec

algorithm. These lighting times may be directly specified in the input, or may be calculated 

specified detonation points or lines using the programmed burn options. If detonation point

defined, then the lighting time for an element is computed based on the distance from the c

of the element to the nearest detonation point divided by the detonation velocity . This opti

described in greater detail in section 4.5 on page 173.

Burn fractions are computed to control the release of chemical energy for simulating high expl

detonations. If the ‘‘beta burn’’ option (  on Control Card 7) is selected, then the bu

fraction  is computed from

, (51)

where  is the current relative volume,  is the Chapman-Jouget relative volume, and

. (52)

This model is useful to detect initiation due to shock compression of HE.

For other burn options, the burn fraction is computed from

Columns Quantity Format

D

PCJ

D

PCJ

tL

D

IHE 0=

F

F β 1 V–( )
1 V–

1 VCJ–
-----------------= =

V VCJ

β 1
1 VCJ–
-----------------=
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, (53)

where

(54)

if , and  if , and  is a characteristic dimension of the element under cons

ation.  is computed from

. (55)

If the above equations produce a burn fraction that is greater than one, then it is reset to on

The burn front propagates by multiplying the pressure computed from an equation-of-state b

current burn fraction,

, (56)

where  is the pressure computed from the equation-of-state at the current relativ

volume  and energy . High explosives typically have large initial internal energies, , w

yield large pressures as .

F max F1 F2,( )=

F1 t tL–( )D( ) 1.5h( )⁄=

t tL> F1 0= t tL< h

F2

F2 β 1 V–( )
1 V–

1 VCJ–
-----------------= =

p F pEOS V E,( )=

pEOS V E,( )

V E E0

F 1→
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Material Type 9 (Fluid)
An equation of state must be used with this model.

1-10 Card 3 Pressure cutoff,  (positive in compression) E1

11-20 Viscosity coefficient, E10.0

Card 4. Blank

    .     .

    .     .

    .     .

Card 8 Blank

The fluid material has no stiffness, and must be used with an equation-of-state. A viscous st

computed from

, (57)

where  is the deviatoric strain rate and  is the deviatoric stress.

Materials with no viscosity may reach large distortions under very small shear loads, so a no

viscosity should always be used.

The pressure cutoff, , is negative in tension. If the pressure becomes more tensile than

it is reset to that value. Thus, the pressure cutoff can be interpreted as an approximate mo

cavitation. The deviatoric stresses arising from viscous effects are unaffected by the tensile

pressure cutoff.

This model is most useful for analyzing structures with contained fluids. Large distortions in

fluid make some free-surface and fluid flow problems more amenable to analysis using oth

analysis codes employing an Eulerian formulation. Caution should therefore be used when

applying this material model in situations where large distortions are expected.

Columns Quantity Format

pcut

µ

sij µėij=

ėij sij

pcut pcut
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Material Type 10 (Isotropic-Elastic-Plastic-Hydrodynamic)
An equation of state must be used with this model.

1-10 Card 3 Shear modulus, E10.

11-20 Yield stress, E10.0

21-30 Plastic modulus, E10.0

31-40 Pressure cutoff,  (positive in compression)
EQ.0.0: cutoff of  is assumed (no cutoff)

41-50 Linear pressure hardening coefficient, E10

51-60 Quadratic pressure hardening coefficient, E1

61-70 Spall model,
EQ.0.0: default set to 1.0
EQ.1.0: pressure limit model
EQ.2.0: maximum principal stress spall criterion
EQ.3.0: hydrostatic tension spall criterion

1-10 Card 4 Effective plastic strain at failure, E10

1-10 Card 5 First tabulated effective plastic strain, E10

11-20 E10.0

  . .     .

  . .     .

  . .     .

71-80 E10.0

1-10 Card 6 E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 E10.0

1-10 Card 7 First tabulated yield stress, E10

  .  .     .

  .  .     .

  .  .     .

Columns Quantity Format

G

σ0

Ep

pcut

∞–

a1

a2

ISPALL

ε f
p

ε1
p

ε2
p

ε8
p

ε9
p

ε16
p

σy1
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71-80 E10.0

1-10 Card 8 E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 E10.0

If a tabulated yield stress vs. effective plastic strain curve is not given (Cards 5-8 are blank

the initial yield stress , plastic hardening modulus , and pressure hardening coefficients

 are taken from Card 3. In this case, a pressure hardening bilinear stress-strain curve sim

that shown in Figure 3 is obtained with linear isotropic strain hardening ( ).

The yield condition can be written

, (58)

where  is the effective stress and  is the current yield stress, which may be a function o

effective plastic strain  and pressure . The effective stress  is given by

, (59)

where  is the deviatoric stress tensor.

The hardening law has the form

, (60)

where is the pressure (positive in compression), and is the tension-limited pressure foun

. (61)

The effective plastic strain  is given by

, (62)

where the incremental effective plastic strain  is found from the incremental plastic strai

tensor  as

Columns Quantity Format

σy8

σy9

σy16

σ0 Ep a1

a2

β 1.0=

φ σ σy εp p,( )–=

σ σy

εp p σ

σ 3
2
---sij sijŁ ł

1
2
---

=

sij

σy σ0 Epε
p a1 a2p+( )p̂+ +=

p p̂

p̂ max p 0,( )=

εp

εp dεp

0

t

∫=

dεp

dεi j
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The plastic modulus can be related to Young’s modulus  and the tangent modulus  usin

. (64)

The plastic modulus  is the slope of the inelastic portion of the effective stress  vs. effe

plastic strain  curve, and the tangent modulus  is the slope of the inelastic part of a un

stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).

If tabulated values of yield stress vs. effective plastic strain are specified on Cards 5-8, a non

strain hardening curve like that shown in Figure 7 may be defined. In this case the plastic hard

modulus and pressure hardening coefficients input on Card 3 are not used, and the yield s

given as

, (65)

dεp 2
3
---dεi j

pdεi j
p

Ł ł

1
2
---

=

E ET

Ep
EET

E ET–
----------------=

EP σ
εp ET

Figure 7
Tabulated yield stress vs. effective plastic strain curve.

σy

ε
_ p

σy f εp( )=
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where  is interpolated from the specified yield stress vs. effective plastic strain curve.

number of points, from 2 to 16, may be used to define the hardening curve. This option per

additional detail to be included in the nonlinear strain hardening law, but pressure hardening

modeled with this approach.

A choice of three spall models is offered to represent material splitting, cracking, and failure u

tensile loads. The pressure limit model, , limits the hydrostatic tension to the

specified value, . If pressures more tensile than this limit are calculated, the pressure is re

. This option is not strictly a spall model, since the deviatoric stresses are unaffected by

pressure reaching the tensile cutoff, and the pressure cutoff value  remains unchanged

throughout the analysis. The maximum principal stress spall model, , detects

if the maximum (most tensile) principal stress exceeds the limiting value . Note tha

negative sign is required because is measured positive in compression, while is po

in tension. Once spall is detected with this model, the deviatoric stresses are set to zero, a

hydrostatic tension  is permitted. If tensile pressures are calculated, they are reset 

the spalled material. Thus, the spalled material behaves as a rubble or incohesive material

hydrostatic tension spall model, , detects spall if the pressure becomes mor

tensile than the specified limit, . Once spall is detected the deviatoric stresses are set to

and the pressure is required to be compressive. If hydrostatic tension  is subseque

calculated, the pressure is reset to 0 for that element.

This model is applicable to a wide range of materials, including those with pressure-depen

yield behavior. The use of 16 points in the yield stress vs. effective plastic strain curve allows

plex post-yield hardening behavior to be accurately represented. In addition, the incorporat

an equation of state permits accurate modeling of diverse volumetric behavior. The spall mod

tions permit incorporation of material failure, fracture, and disintegration effects under tens

loads.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

f εp( )

ISPALL 1=( )

pcut

pcut

pcut

ISPALL 2=( )

σmax pcut–

pcut σmax

p 0<( )

ISPALL 3=( )

pcut

p 0<( )

ε f
p
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Material Type 11 (Steinberg-Guinan High Rate Elastic-Plastic)
An equation of state must be used with this model.

1-10 Card 3 Shear modulus constant, E10

11-20 Yield stress constant, E10.

21-30 Strain hardening law constant, E10

31-40 Strain hardening exponent, E10

41-50 Initial plastic strain, E10.0

1-10 Card 4 Yield stress work hardening limit, E10

11-20 Shear modulus pressure constant, E1

21-30 Yield stress pressure constant, E10

31-40 Energy coefficient, E10.0

41-50 Energy exponential coefficient, E10.

1-10 Card 5 Atomic weight,  (if ,  must be defined) E10

11-20 Melting temperature constant, E10

21-30 Thermodynamic gamma, E10.

31-40 Thermodynamic constant, E10.

41-50 Pressure cutoff, E10.0

51-60 Room temperature, E10.
EQ.0.0: default set to 300.0

61-70 Debye coefficient, E10.0
EQ.0.0: Debye correction ignored.

1-10 Card 6 Spall model, E10.0
EQ.0.0: default set to 2.0
EQ.1.0: Pressure limit model
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion

11-20  (if , the atomic weight  is not used) E10

21-30 Effective plastic strain at failure, E10.

31-40 Polynomial order for fit,  ( ) E10.0

Columns Quantity Format

G0

σ0

β

n

γ i

σm

b

b'

h

f

A A 0= R'

Tmo

γ 0

a

pcut

Troom

θ

ISPALL

R' R' 0≠ A

ε f
p

NFIT 1 NFIT 9≤ ≤
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41-50 Cold compression energy polynomial flag, E10
EQ.0.0: Polynomial coefficients given or fit in terms of
EQ.1.0: Polynomial coefficients given or fit in terms of

51-60 Optional minimum limit for energy fit E10.0
Input  if
Input  if

61-70 Optional maximum limit for energy fit E10.0
Input  if
Input  if

1-16 Card 7 First cold compression polynomial coefficient, E1

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 8 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

The formulation of this model is described by Steinberg and Guinan (1978), and some notes

implementation are given in (Woodruff, 1973).

In terms of the foregoing input parameters, we define the shear modulus, , before the ma

melts as:

(66)

where  is the pressure,  is the relative volume,  is the current energy,  is the cold

compression energy, and  is the melting energy. The cold compression energy is calcula

using

Columns Quantity Format

IVAR
η
µ

ηmin IVAR 0=
µmin IVAR 1=

ηmax IVAR 0=
µmax IVAR 1=

EC0

EC1

EC2

EC3

EC4

EC5

EC6

EC7

EC8

EC9

G

G G0 1 bpV
1
3
---

h
Ei Ec–

3R'
---------------- 300–Ł ł–+ e

f Ei

Em Ei–
-------------------–

=

p V Ei Ec

Em
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, (67)

where . The equation is integrated using initial energy  and pressure  condit

that correspond to zero K and are given by

(68)

and

. (69)

Here is the Debye correction factor, and has a default value of 1 when . (For va

of , see Zemansky, 1951.) The melting energy is found from the cold compression energy a

melting temperature using

, (70)

where the melting temperature  is given by

(71)

and  is the melting temperature at the initial density, .

In the above equations,  is defined by

, (72)

where  is the universal gas constant and  is the atomic weight.Note that if  is not defined,

DYNA2D computes it with  in the cm-gram-microsecond system of units.Thus, this option

should not be used unless the entire analysis model is defined in the cm-gram-microsecond

system of units.

If  exceeds  (i.e., the material has not melted), then the yield strength  is given by:

. (73)

The work-hardened yield stress is found from the initial yield stress and the accumu

effective plastic strain  using the hardening law

, (74)

Ec x( ) pdx
0

x

∫=

x 1 V–= Eo Po

Eo 3R′Troom–=

Po γ oEoDebye
θ

Troom

------------Ł ł=

Debye θ 0=

θ

Em x( ) Ec x( ) 3R'Tm x( )+=

Tm

Tm x( )
Tmoexp 2ax( )

V
2 γ0 a– 1

3
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-------=
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σy σ'0 1 b'pV
1
3
---
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f Ei

Em Ei–
-------------------–
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where is the initial plastic strain. If the work-hardened yield stress exceeds the limiting v

, then  is reset to . After the materials melts ( ), the yield stress  and she

modulus  are reset to one half their initial value.

The evaluation of the cold compression energy  using (67) is too expensive to perfor

each step of a calculation. As an approximation, many codes (including DYNA2D) use a

polynomial to interpolate cold compression energy data during execution. The independen

variable is chosen as , and the polynomial takes the form

. (75)

Note that the density and compression variables are related by

. (76)

The coefficients  through  may be defined in the input if they are known. If they are

specified in the input, DYNA2D will fit the cold compression energy with up to a ten term

polynomial expansion using a least squares method. If the order of the polynomial is not spec

DYNA2D will automatically pick the best polynomial order that fits the EOS generated data

Otherwise, DYNA2D will attempt to fit the data to the polynomial order desired. When DYNA2

performs any fit, the exact cold compression energy is compared with the cold compression e

found using the fitted polynomial at selected values of , and the results printed in the “hsp” o

file. These results should be examined closely to verify that a reasonably accurate polynom

has been obtained.

A Debye correction can be applied to the cold compression energy to improve the model’s te

ature response. This option is activated by specifying a non-zero value of the Debye coefficie

A choice of three spall models is offered to represent material splitting, cracking, and failure u

tensile loads. The pressure limit model, , limits the hydrostatic tension to the

specified value, . If pressures more tensile than this limit are calculated, the pressure is re

. This option is not strictly a spall model, since the deviatoric stresses are unaffected by

pressure reaching the tensile cutoff, and the pressure cutoff value  remains unchanged

throughout the analysis. The maximum principal stress spall model, , detects

if the maximum (most tensile) principal stress exceeds the limiting value . Note tha

negative sign is required because is measured positive in compression, while is po

in tension. Once spall is detected with this model, the deviatoric stresses are set to zero, a

hydrostatic tension  is permitted. If tensile pressures are calculated, they are reset 

γ i σ0

σm σ'0 σm Ei Em> σy

G

Ec x( )

η

Ec ECiη
i

i 0=

9

∑=

x 1 V– µ
µ 1+
------------ 1 1

η
---–= = =

EC0 EC9

x

θ

ISPALL 1=( )

pcut

pcut

pcut

ISPALL 2=( )

σmax pcut–

pcut σmax
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the spalled material. Thus, the spalled material behaves as a rubble or incohesive material

hydrostatic tension spall model, , detects spall if the pressure becomes mor

tensile than the specified limit, . Once spall is detected the deviatoric stresses are set to

and the pressure is required to be compressive. If hydrostatic tension  is subseque

calculated, the pressure is reset to 0 for that element.

The Steinberg-Guinan model is applicable to metals at high strain rates (near ), wher

enhancement of the yield stress due to strain rate effects has reached a limiting value and

compression heating effects are becoming important. Model predictions may become substa

less accurate at low strain rates (below ). Examples of problems in this high strain ra

regime include some explosive forming operations, metal penetration problems, and the simu

of high velocity ballistic impact.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

ISPALL 3=( )

pcut

p 0<( )

105s 1–

103s 1–

ε f
p
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Material Type 12 (Johnson/Cook Elastic-Plastic)
An equation of state must be used with this model.

1-10 Card 3 Shear modulus, E10.

11-20 Yield stress constant, E10.

21-30 Strain hardening coefficient, E10.

31-40 Strain hardening exponent, E10

41-50 Strain rate dependence coefficient, E10

51-60 Temperature dependence exponent, E1

61-70 Melt temperature, , (deg. K) E10.

71-80 Room temperature, , (deg. K) E10

1-10 Card 4 Reference strain rate, E10

11-20 Specific heat, E10.0

21-30 Pressure cutoff, , or failure stress, E10

31-40 Spall model,
EQ.1.0: Pressure limit model (default)
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion

41-50 Plastic strain iteration flag, E10.
EQ.0.0: fast approx. solution for plastic strain (default)
EQ.1.0: accurate iterative solution for plastic strain

(More expensive than default.)

51-60 Effective plastic strain at failure, E10.

61-70 Element deletion controlled by damage level, E1
EQ.0.: Damage level does not control element deletion
GT.0.: Element deletion based upon damage,

1-10 Card 5 First failure parameter, E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

Columns Quantity Format

G

A

B

n

C

m

Tm

Tr

ε̇0

cv

pcut σm

ISPALL

ITER

ε f
p

FSD

D

D1

D2

D3

D4

D5
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The formulation of this model is described and constants for many materials are given in (Joh

and Cook, 1983).

The yield stress is written as

, (77)

where  and  are input constants,  is the effective plastic strain,  is the nondi

sional strain rate, and is the homologous temperature. The effective plastic strain is giv

, (78)

where the incremental effective plastic strain  is found from the incremental plastic strai

tensor  as

. (79)

The nondimensional strain rate  is calculated from

(80)

where is the effective plastic strain rate and is the reference strain rate defined in the

The homologous temperature is the ratio of the current temperature to the melting tempe

when both are expressed in degrees Kelvin. Temperature change in this model is compute

assuming adiabatic conditions, i.e., no heat transfer between elements. This is usually a go

assumption since transient dynamic problems typically occur over such a short time interva

the actual heat transfer is negligible. Heat is generated in an element by plastic work, and 

resulting temperature rise is computed using the specific heat for the material.

Material constants for a variety of materials are provided in (Johnson and Cook, 1983).

Columns Quantity Format

σy A B εp( )
n

+[ ] 1 Cln ε̇ *( )+[ ] 1 T *( )m–[ ]=

A B C n, , , m εp ε̇ *

T * εp

εp dεp

0

t

∫=

dεp

dεi j

dεp 2
3
---dεi j

pdεi j
p

Ł ł

1
2
---

=

ε̇ *

ε̇ *
ε̇ p

ε̇0

----=

ε̇ p ε̇0

T *
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Due to the nonlinearity in the dependence of the yield stress on plastic strain, an accurate va

the yield stress requires expensive iteration for calculation of the increment in plastic strain

However, by using a Taylor series expansion with linearization about the current state, c

approximated with sufficient accuracy to avoid iteration and achieve optimum execution sp

This implementation of the Johnson-Cook model also contains a damage model. The strain

fracture  is given by

(81)

where  is the ratio of pressure divided by effective stress

, (82)

and effective stress  is found from

. (83)

Note that this definition of may be reversed in sign from convention in the original publicati

of Johnson and Cook; the sign of  should be chosen carefully.

Fracture occurs when the damage parameter exceeds the value of 1. The evolution of the d

parameter is given by

, (84)

where the summation is performed over all time steps in the analysis. When fracture occur

stresses are set to zero and remain zero for the rest of the calculation.

A choice of three spall models is offered to represent material splitting, cracking, and failure u

tensile loads. The pressure limit model, , limits the hydrostatic tension to the

specified value, . If pressures more tensile than this limit are calculated, the pressure is re

. This option is not strictly a spall model, since the deviatoric stresses are unaffected by

pressure reaching the tensile cutoff, and the pressure cutoff value  remains unchanged

throughout the analysis. The maximum principal stress spall model, , detects

if the maximum (most tensile) principal stress  exceeds the limiting value . Once sp

detected with this model, the deviatoric stresses are set to zero, and no hydrostatic tension

is permitted. If tensile pressures are calculated, they are reset to 0 in the spalled material. Th

spalled material behaves as a rubble or incohesive material. The hydrostatic tension spall m

, detects spall if the pressure becomes more tensile than the specified limit,

σy

ε f

ε f D1 D2exp D3σ *( )+[ ] 1 D4 ln ε̇ *( )+[ ] 1 D5T *+[ ]=

σ *

σ *
p
σ
---=

σ

σ 3
2
---sij sijŁ ł

1
2
---

=

σ *

D3

D

D
∆εp

ε f

--------∑=

ISPALL 1=( )

pcut

pcut

pcut

ISPALL 2=( )

σmax σm

p 0<( )

ISPALL 3=( ) pcut
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Once spall is detected, the deviatoric stresses are set to zero and the pressure is required 

compressive. If hydrostatic tension  is calculated, then the pressure is reset to 0 for

element.

Material Type 12 is applicable to the high rate deformation of many materials, including mo

metals. Unlike the Steinberg-Guinan model (Material Type 11), the Johnson-Cook model rem

valid down to lower strain rates, and even into the quasistatic regime. Typical applications inc

explosive metal forming, ballistic penetration, and impact.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17. Alternatively, by specifying a pos

and nonzero damage parameters, material ‘‘erosion’’ will be controlled by the accumul

damage parameter . Both material erosion methods can be used simultaneously. In this 

which every condition is satisfied first will determine erosion.

p 0<( )

ε f
p

FSD

D
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Material Type 13 (Power Law Isotropic Elastic-Plastic)

1-10 Card 3 Young’s modulus, E10.0

11-20 Poisson’s ratio, E10.0

21-30 Yield stress coefficient, E10.0

31-40 Strain hardening exponent, E10

1-10 Card 4 Effective plastic strain at failure, E10

Card 5 Blank

     .

     .

     .

Card 8 Blank

The material behavior is elastoplastic with nonlinear isotropic strain hardening given by a p

law expression. The yield condition can be written

, (85)

where  is the effective stress and  is the current yield stress. The hardening law has th

, (86)

where  is the initial yield strain given by

. (87)

This model is generally applicable to ductile materials such as metals. Although similar to Mat

Type 3, this model provides additional flexibility in specifying the post-yield behavior with a

nonlinear isotropic hardening law.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

Columns Quantity Format

E

ν

k

n

ε f
p

φ σ σy εp( )–=

σ σy

σy k ε0 εp+( )
n

=

ε0

ε0
E
k
---Ł ł

1
n 1–
------------

=

ε f
p
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Material Type 14 (Viscoplastic)

1-10 Card 3 Young's modulusE E10.0

11-20 Poisson's ratio E10.0

21-30 Initial temperatureT in ˚K E10.0

31-40 Density  specific heat E10.0

41-50 Hardening parameter E10.

1-10 Card 4 Rate dependent yield stress coefficient E1

11-20 Rate dependent yield stress exponent E1

21-30 Rate independent yield stress coefficient E1

31-40 Rate independent yield stress exponent E1

1-10 Card 5 Transition coefficient E10.0

11-20 Transition exponent E10.0

21-30 Hardening coefficient E10.0

31-40 Hardening exponent E10.

1-10 Card 6 Dynamic recovery coefficient E10

11-20 Dynamic recovery exponent E10.

21-30 Diffusion recovery coefficient E10.0

31-40 Diffusion recovery exponent E10.

Card 7 Blank

Card 8 Blank

This model represents a modified implementation of a unified creep plasticity model propos

Bamman (1984). The original implementation is described by Hallquist (1986), and recent re

and modifications are discussed by Bamman (1990), and Flower and Nikkel (1990). The cu

model implementation is briefly described below.

The history dependence of this model is characterized through the introduction of two interna

variables, a scalar , and a second order tensor . The governing constitutive equations are

form

Columns Quantity Format

ν

x ρCv

β

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

C12

κ a
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)

)
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,

s,
, (88)

, (89)

, (90)

, (91)

where the translated stress  is given by

, (92)

ands is the deviatoric stress. The inelastic behavior of the model is governed by six temper

dependent parameter functionsV(T), Y(T), f(T), h(T), k(T),and g(T). Each of the functions is an

exponential and defined by two material parameters as follows:

(rate dependent yield stress), (93

(rate independent yield stress), (94

(transition to rate dependent behavior), (9

(hardening), (96)

(dynamic recovery), (97)

(diffusion controlled static or thermal recovery). (98

The specification of hardening parameter , where , results in either kinematic

isotropic, or a combination of kinematic and isotropic hardening. Purely kinematic or purely

isotropic hardening is obtained by setting  or , respectively. For these case

ṡ
Eν

1 ν+( ) 1 2ν–( )
--------------------------------------tr ė( )1

E
1 ν+
------------ ė ė p–( )+=

ė p f T( )
h κ– Y T( )–

V T( )
----------------------------------- h

h
-------sinh=

ȧ k T( ) 1 β–( )ė p g T( ) h T( )ėp+( )a a
1 β–

--------------------------------------------------------–=

κ̇ k T( )β ėp g T( ) h T( )ėp+( )κ2

β
-------------------------------------------------–=

h

h s a–=

V T( ) C1e
C2 T⁄–=

Y T( ) C3e
C4 T⁄=

f T( ) C5e
C– 6 T⁄=

h T( ) C7e
C8 T⁄–=

k T( ) C9e
C10 T⁄–=

g T( ) C11e
C12 T⁄–=

β 0.0 β 1.0≤ ≤

β 0.0= β 1.0=
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numerical perturbations are used to prevent the governing equations from becoming singula

model also accounts for adiabatic heating due to plastic work. Temperature rate  is define

terms of the density  and specific heat  as

. (99)

To help illustrate the use of this model, a sample set of material parameters for 21-6-9 stainles

is given as follows.

Sample values for 21-6-9 stainless steel

Young's modulusE 2.00e+5 [MPa]

Poisson's ratio 0.30

Initial temperatureT 373 [ K̊]

Density  specific heat 2.68e-01 [MKg] or
[(m3 ˚K/MJ)]

Hardening parameter 0.0

Rate dependent yield stress coefficient 5.58e+01 [MPa}

Rate dependent yield stress exponent 8.67e+01 [˚K]

Rate independent yield stress coefficient 1.67e+01 [MPa]

Rate independent yield stress exponent 4.68e+02 [˚K]

Transition coefficient 1.02e+04 [s-1]

Transition exponent 3.48e+03 [˚K]

Hardening coefficient 4.72e-03 [1/MPa]

Hardening exponent 2.55e+02 [˚K]

Dynamic recovery coefficient 1.81e+03 [MPa]

Dynamic recovery exponent 5.23e+01 [˚K]

Diffusion recovery coefficient 0.0 [1/MPa • s]

Diffusion recovery exponent 1.0 [˚K]

Ṫ

ρ Cv

Ṫ
0.95
ρCv

----------s ė p=

ν

x ρCv

β

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

C12
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Material Type 15 Generalized Armstrong-Zerilli Elastic-Plastic
An equation of state must be used with this model.

1-10 Card 3 Shear modulus at reference temperature, E

11-20 Crystal geometry flag, E10.0
EQ.-1: BCC
EQ. 1: FCC

21-30 Polycrystal grain diameter, E10.

1-10 Card 4 Yield stress constant, E10

11-20 Temperature coefficient, E10.

21-30 Temperature exponent, E10.

31-40 Strain rate thermal exponent, E10

1-10 Card 5 Strain hardening coefficient, E10

11-20 Strain hardening exponent, E10

21-30 Strength constant, E10.

31-40 Grain size coefficient, E10.0

1-10 Card 6 Shear modulus ratio constant, E10
EQ.0: default set to 1.0

11-20 Shear modulus ratio coefficient, E10

21-30 Specific heat constant, E10.

31-40 Specific heat coefficient, E10.

1-10 Card 7 Pressure cutoff (negative in tension), E1

11-20 Effective plastic strain at failure, E10.

1-10 Card 8 Initial temperature, E10.0

The theoretical derivation of this model is described in (Armstrong and Zerilli, 1988). The a

cation of this model to high strain rates and large strains are further discussed in (Goldthor

1991). The present implementation was adapted from work described in (Church and Cullis, 1

Columns Quantity Format

G0

IXTAL

L

∆σG

B0

β0

β1

K0

n

K1

K ε

a0

a1

b0

b1

pcut

ε f
p

T0
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The Armstrong-Zerilli model is a strain rate and temperature dependent elastic plastic mod

metals undergoing large strains over a wide range of strain rates. The yield function has two

depending on the crystal structure of the material. For BCC materials ( ), the y

function may be written as

, (100)

and for FCC materials ( ) the yield function becomes

, (101)

where  is effective plastic strain,  is the effective strain rate,  is the shear modulus at 

current temperature , is the shear modulus at the initial temperature , and , ,

, , and are material constants, and is the grain size of the material. The shear mo

ratio is approximated as a linear function of temperature,

(102)

where  and  are constants.

Temperature change in this model is computed assuming adiabatic conditions, i.e., no heat tr

between elements. This is usually a good assumption since transient dynamic problems ty

occur over such a short time interval that the actual heat transfer is negligible. Heat is genera

an element by plastic work, and the resulting temperature rise is computed using the specifi

for the material at the current temperature. The specific heat is approximated as a linear fu

of temperature,

, (103)

where  and  are constants.

The pressure cutoff feature limits the hydrostatic tension to the specified value, . If pres

more tensile than this limit are calculated, the pressure is reset to .

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

IXTAL 1–=

σy ∆σG B0exp β0– β1ln ε̇( )+( )T[ ] K0 ε p( )n K1+[ ]
µT

µ0

----- K εL 1 2/–+ + +=

IXTAL 1=

σy ∆σG B0 ε pexp β0– β1ln ε̇( )+( )T[ ] K0 ε p( )n K1+[ ]
µT

µ0

----- K εL 1 2/–+ + +=

ε p ε̇ µT

T µ0 T0 ∆σG B0 β0 β1

K0 K1 K ε L

µT

µ0

----- a0 a1T+=

a0 a1

cp T( ) b0 b1T+=

b0 b1

pcut

pcut

ε f
p
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Material Type 16 (Concrete/Geologic Material)
This model must be used with equation of state type 8, 9, or 11.

1-10 Card 3 First elastic constant E10.
Poisson’s ratio, , for constant  model
Negative of shear modulus, , for constant  model

11-20 Maximum principal stress at failure, E10.

21-30 Cohesion, E10.0

31-40 Pressure hardening coefficient, E10

41-50 Pressure hardening coefficient, E10

51-60 Damage scaling factor, E10.

61-70 Cohesion for failed material, E10.

71-80 Pressure hardening coefficient for failed material, E1

1-10 Card 4 Percent reinforcement,  ( ) E10

11-20 Elastic modulus for reinforcement, E10

21-30 Poisson’s ratio for reinforcement, E10

31-40 Initial yield stress, E10.0

41-50 Tangent modulus, E10.0

51-60 Load curve giving rate sensitivity for principal material, E10

61-70 Load curve giving rate sensitivity for reinforcement, E10

1-10 Card 5 First tabulated effective plastic strain, , or pressure, E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 or E10.0

1-10 Card 6 οr E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 or E10.0

Columns Quantity Format

ν ν
G– G

σcut

a0

a1

a2

b1

a0 f

a1 f

f̂ r 0 f̂ r 100%≤ ≤

Er

νr

σ0

ET

N1

N2

ε1
p p1

ε8
p p8

ε9
p p9

ε16
p p16
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1-10 Card 7 First tabulated yield stress, E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 E10.0

1-10 Card 8 E10.0

  .  .     .

  .  .     .

  .  .     .

71-80 E10.0

Material Type 16 was developed to give concrete and geological material modeling capabilit

DYNA2D. It can be used in two major modes - a fairly simple tabular pressure-dependent y

surface, and a potentially complex model featuring two yield versus pressure functions with

various means of migrating from one curve to the other. For both modes, load curve is tak

be a strain rate multiplier for the yield strength.

Note that this model must be used with Equation-of-State type 8, 9 or 11.

Response Mode I. Tabulated Yield Stress Versus Pressure

This mode is well suited for implementing standard geologic models like the Mohr-Coulomb y

surface with a Tresca limit, as shown in Figure 8. Examples of converting conventional triax

compression data to this type of model are found in (Desai and Siriwardane, 1984). Note that

conventional triaxial compression conditions, the DYNA2D input corresponds to an ordinate

rather than the more widely used , where is the maximum principal stress

 is the minimum principal stress.

Using Material Type 16 combined with Equation-of-State Type 9 (saturated materials) or Typ

(air filled porous materials), this approach has been very successfully used to model ground s

and soil/structure interactions at pressures up to 100 kbar (approximately  psi).

Columns Quantity Format

σy1

σy8

σy9

σy16

N1

σ1 σ3–
σ1 σ3–

2
----------------- σ1

σ3

1.5 106×
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To invoke Mode I of this model, set , , , , , and  to zero. The tabulated values

pressure should then be specified on cards 5 and 6, and the corresponding values of yield

should be specified on cards 7 and 8. The parameters relating to reinforcement properties,

yield stress, and tangent modulus are not used in this response mode, and should be set t

Simple tensile failure

Note that is reset internally to 1/3 even though it is input as zero; this defines a failed ma

curve of slope , where  denotes pressure (positive in compression). In this case the yie

strength is taken from the tabulated yield vs. pressure curve until the maximum principal st

( ) in the element exceeds the tensile cut-off ( ). For every time step that the y

strength is scaled back by a fraction of the distance between the two curves until after 20 time

the yield strength is defined by the failed curve. The only way to inhibit this feature is to set

arbitrarily large.

a0 a1 a2 b1 a0 f a1 f

a1 f

3p p

σ1 σcut σ1 σcut>

σcut
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Response Mode II. Two Curve Model with Damage and Failure

This approach uses two yield versus pressure curves of the form

. (104)

The upper curve is best described as the maximum yield strength curve and the lower curve

failed material curve. There are a variety of ways of moving between the two curves, and e

discussed below.

Pressure

Tresca

Mohr-Coulomb

σ 1
σ 3

– 2
----

----
----

----
--

Cohesion

Friction Angle

Figure 8
Mohr-Coulomb surface with a Tresca limit.

σy a0
p

a1 a2p+
--------------------+=
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Mode II.A: Simple tensile failure

Define , , ,  and , set  to zero, and leave cards 5 through 8 blank. In this case

yield strength is taken from the maximum yield curve until the maximum principal stress (

the element exceeds the tensile cut-off ( ). For every time step that the yield stre

is scaled back by a fraction of the distance between the two curves until after 20 time steps the

strength is defined by the failed curve.

Mode II.B: Tensile failure plus plastic strain scaling

Define , , , and , set to zero, and use cards 5 through 8 to define a scale facto

versus effective plastic strain. DYNA2D evaluates at the current effective plastic strain and

calculates the yield stress as

Figure 9
Two-curve concrete model with damage and failure.

Pressure

Y
ie

ld
σmax a0

p
a1 a2p+
---------------------+=

σ failed a0 f
p

a1 f
a2p+

-----------------------+=

a0 a1 a2 a0 f a1 f b1

σ1

σcut σ1 σcut>

a0 a1 a2 a0 f a1 f b1 η

η

99



INPUT FORMAT DYNA2D User Manual

e of

te.

uch as

en the

or. To

rial

the

eric”

units
, (105)

where  and  are found as shown in Figure 9.

This yield strength is then subject to scaling for tensile failure as described above. This typ

model allows the description of a strain hardening and/or softening material such as concre

Mode II.C: Tensile failure plus damage scaling

The change in yield stress as a function of plastic strain arises from physical mechanisms s

internal cracking, and the extent of this cracking is affected by the hydrostatic pressure wh

cracking occurs. This mechanism gives rise to the “confinement” effect on concrete behavi

account for this phenomenon a “damage” function was defined and incorporated into Mate

Type 16. The damage function is given the form

(106)

Define , , , , , and . Cards 5 through 8 now give as a function of and scale

yield stress as

(107)

and then apply any tensile failure criteria.

Mode II Concrete Model Options

Material Type 16 in Mode II provides for the automatic internal generation of a simple “gen

model for concrete. If  is negative, then  is assumed to be the unconfined concrete

compressive strength ( ) and is assumed to be a conversion factor from DYNA pressure

to psi. In this case the parameter values generated internally are:

(108)

(109)

(110)

σyield σmax η σmax σ failed–( )–=

σmax σ failed

λ dεp

1 p
σcut

--------+Ł ł

b1
---------------------------

0

εp

∫=

a0 a1 a2 a0 f a1 f b1 η λ

σyield σmax η σmax σ failed–( )–=

a0 σcut

f 'c a0–

σcut 1.7
f 'c( )2

a0–
-------------Ł ł

1 3/

=

a0
f 'c
4
------=

a1
1
3
---=
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(111)

(112)

(113)

Note that these and defaults will be overridden by nonzero entries on Card 3. If plastic s

or damage scaling is desired, Cards 5 through 8 and should be specified in the input. Wh

is input as a negative quantity, the Equation-of-State can be given as 0 and a trilinear EOS T

model will be automatically generated from the unconfined compressive strength and Poiss

ratio. The EOS 8 model is a simple pressure versus volumetric strain model with no internal e

terms, and should give reasonable results for pressures up to 5 kbar (approximately 75,00

Mixture model

A reinforcement fraction, , can be defined along with properties of the reinforcement mate

The bulk modulus, shear modulus, and yield strength are then calculated from a simple mi

rule. This feature isexperimentaland should be used with caution. It gives an isotropic effect in t

material instead of the true anisotropic material behavior. A reasonable approach would be

mixture elements only where the reinforcing exists and plain elements elsewhere. When th

mixture model is being used, the strain rate multiplier for the principal material is taken from

curve  and the multiplier for the reinforcement is taken from load curve .

A Suggestion

Moor (1991) suggests using the damage function (Mode II.C.) in Material Type 16 with the

following set of parameters:

(114)

(115)

(116)

(117)

a2
1

3 f 'c
---------=

a0 f 0=

a1 f 0.385=

a0 f a1 f

b1 a0

f̂ r

N1 N2

a0
f 'c
4
------=

a1
1
3
---=

a2
1

3 f 'c
---------=

a0 f
f 'c
10
------=
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(118)

(119)

and a damage table of:

Card 5 0.0 8.62e-06 2.15e-05 3.14e-05 3.95e-05 5.17e-04  6.38e-04 7.9
Card 6 9.67e-04 1.41e-03 1.97e-03 2.59e-03 3.27e-03 4.00e-03 4.79e-03  0.9
Card 7 0.309 0.543  0.840 0.975 1.00  0.790  0.630  0.469
Card 8  0.383  0.247  0.173  0.136  0.114  0.086  0.056  0.0

This set of parameters should give results consistent with (Dilger, Koch, and Kowalczyk, 1984

plain concrete. It has been successfully used for reinforced structures where the reinforcing

were modeled explicitly. The model does not incorporate the major failure mechanism - sepa

of the concrete and reinforcement leading to catastrophic loss of confinement pressure. Ho

experience indicates that this physical behavior will occur when this model shows about 4% s

a1 f 1.5=

b1 1.25=
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Material Type 17 (Not Available)

Material type 17 is not available in this release of DYNA2D.
103



INPUT FORMAT DYNA2D User Manual

.0

.0

.0

.0

0

.0

0

0

.0

.0

.0
Material Type 18 (Extended Two Invariant Geologic Cap)

1-10 Card 3 Initial bulk modulus, E10.0

11-20 Initial shear modulus, E10.0

1-10 Card 4 Failure envelope parameter, E10

11-20 Failure envelope linear coefficient, E10

21-30 Failure envelope exponential coefficient, E10

31-40 Failure envelope exponent, E10

41-50 Cap surface axis ratio, E10.

1-10 Card 5 Hardening law exponent, E10

11-20 Hardening law coefficient, E10.0

21-30 Hardening law parameter, E10.

31-40 Kinematic hardening coefficient, E10.

41-50 Kinematic hardening parameter, E10

1-10 Card 6 Plot database flag, E10
EQ.1.0: Hardening variable,
EQ.2.0: Cap -  axis intercept,
EQ.3.0: Volumetric plastic strain,
EQ.4.0: First stress invariant,
EQ.5.0: Second stress invariant,
EQ.6.0: Not used
EQ.7.0: Not used
EQ.8.0: Response mode number
EQ.9.0: Number of iterations

1-10 Card 7 Formulation flag, E10.0
EQ.1.0: Soil or Concrete (Cap surface may contract)
EQ.2.0: Rock (Cap surface does not contract)

11-20 Vectorization flag, E10.0
EQ.0.0: Vectorized (fixed number of iterations)
EQ.1.0: Fully iterative

1-10 Card 8 Tension cutoff,  (positive in compression) E10

Columns Quantity Format

K

G

α

θ

γ

β

R

D

W

X0

c

N

IPLOT
κ

J1 X κ( )
εv

p

J1

J2D

ITYPE

IVEC

T 0<
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This implementation of an extended two invariant cap model was developed by Whirley an

Engelmann (1991) based on the formulations of Simo, Ju, Pister, and Taylor (1988), Simo, J

Taylor (1990), and Sandler and Rubin, (1979). In this model, the two invariant cap theory is

extended to include nonlinear kinematic hardening as suggested in (Isenberg, Vaughn, and S

1978). A brief discussion of the extended cap model and its parameters is given below.

The cap model is formulated in terms of the invariants of the stress tensor. The square roo

second invariant of the deviatoric stress tensor, , is found from the deviatoric stresses

(120)

and is an objective scalar measure of the distortional or shearing stress. The first invariant 

stress, , is simply the sum of the normal stresses, or equivalently, three times the pressu

The cap model consists of three surfaces in - space, as shown in Figure 10. First, th

a failure envelope surface, denoted  in the figure. The functional form of  is

, (121)

where  is given by

(122)

and . This failure envelope surface is fixed in  -  space, and

therefore does not harden, unless kinematic hardening is present. Next, there is a cap surf

denoted  in the figure, with  given by

, (123)

Figure 10
The yield surfaces of the two invariant cap model in  -  space. Surface  is the failu

envelope,  is the cap surface, and  is the tension cutoff.

J2D J1 f 1

f 2 f 3

J2D Fe=

J2D Fc=

J2D

J1

J1 T=

κ X κ( )T

f 1
f 2f 3

J2D s

J2D
1
2
---sij sij≡

J1

J2D J1

f 1 f 1

f 1 J2D min Fe J1) Tmises,( )( )–=

Fe

Fe J1( ) α γexp βJ1–( )– θJ1+≡
Tmises X κn( ) L κn( )–≡ J2D J1

f 2 f 2

f 2 J2D Fc J1 κ,( )–=
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where  is defined by

, (124)

 is the intersection of the cap surface with the  axis,

, (125)

and  is defined by

. (126)

The hardening parameter  is related to the plastic volume change  through the hardeni

. (127)

Geometrically, is seen in the figure as the coordinate of the intersection of the cap surfac

the failure surface. Finally, there is the tension cutoff surface, denoted in the figure. The fun

 is given by

, (128)

where  is an input material parameter which specifies the maximum hydrostatic tension

sustainable by the material. The elastic domain in  -  space is then bounded by the f

envelope surface above, the tension cutoff surface on the left, and the cap surface on the r

An additive decomposition of the strain into elastic and plastic parts is assumed:

, (129)

where is the elastic strain and is the plastic strain. Stress is found from the elastic strain

Hooke’s law,

, (130)

where  is the stress and  is the elastic constitutive tensor.

The yield condition may be written

(131)

and the plastic consistency condition requires that

, (132)

Fc

Fc J1 κ,( )
1
R
--- X κ( ) L κ( )–[ ]2 J1 L κ( )–[ ]2–≡

X κ( ) J1

X κ( ) κ RFe κ( )+=

L κ( )

L κ( )
κ if κ 0>

0 if κ 0≤
≡

κ εv
p

εv
p W 1 exp D X κ( ) X0–( )–[ ]–{ }=

κ J1

f 3

f 3

f 3 T J1–≡

T

J2D J1

e ee ep+=

ee ep

s C e ep–( )=

s C

f 1 s( ) 0≤
f 2 s κ,( ) 0≤
f 3 s( ) 0≤

λ̇k f k 0=

λ̇k 0≥
k 1 2 3, ,=
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where is the plastic consistency parameter for surface . If , then and the resp

is elastic. If , then surface  is active and  is found from the requirement that

Associated plastic flow is assumed, so using Koiter’s flow rule the plastic strain rate is given a

sum of contributions from all of the active surfaces,

. (133)

One of the major advantages of the cap model over other classical pressure-dependent pla

models is the ability to control the amount of dilatancy produced under shear loading. Dilatan

produced under shear loading as a result of the yield surface having a positive slope in

space, so the assumption of plastic flow in the direction normal to the yield surface produce

plastic strain rate vector that has a component in the volumetric (hydrostatic) direction (see F

10). In models such as the Drucker-Prager and Mohr-Coulomb, this dilatancy continues as lo

shear loads are applied, and in many cases produces far more dilatancy than is experimen

observed in material tests. In the cap model, when the failure surface is active, dilatancy is

produced just as with the Drucker-Prager and Mohr-Coulomb models. However, the hardenin

permits the cap surface to contract until the cap intersects the failure envelope at the stress

and the cap remains at that point. The local normal to the yield surface is now vertical, and the

the normality rule assures that no further plastic volumetric strain (dilatancy) is created.

Adjustment of the parameters that control the rate of cap contraction permits experimentall

observed amounts of dilatancy to be incorporated into the cap model, thus producing a const

law which better represents the physics to be modeled.

Another advantage of the cap model over other models such as the Drucker-Prager and M

Coulomb is the ability to model plastic compaction. In these models all purely volumetric resp

is elastic. In the cap model, volumetric response is elastic until the stress point hits the cap su

Thereafter, plastic volumetric strain (compaction) is generated at a rate controlled by the hard

law. Thus, in addition to controlling the amount of dilatency, the introduction of the cap surf

adds another experimentally observed response characteristic of geological materials into 

model.

The inclusion of kinematic hardening will result in hysteretic energy dissipation under cyclic

loading conditions. Following the approach of (Isenberg, Vaughn, and Sandler, 1978), a non

kinematic hardening law is used for the failure envelope surface when nonzero values of a

are specified. In this case, the failure envelope surface is replaced by a family of yield surfa

λk k f k 0< λ̇k 0=

f k 0> k λ̇k f k̇ 0=

ėp λ̇k
f k∂
s∂

--------
k 1=

3

∑=

J2D J1

c N
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bounded by an initial yield surface and a limiting failure envelope surface. Thus, the shape

yield surfaces described above remains unchanged, but they may translate in a plane orthog

the  axis.

Translation of the yield surfaces is permitted through the introduction of a “back stress” tenso

The formulation including kinematic hardening is obtained by replacing the stress with the t

lated stress tensor  in all of the above equations. The history tensor  is assumed 

toric, and therefore has only 5 unique components. The evolution of the back stress tensor

governed by the nonlinear hardening law

, (134)

where  is a constant,  is a scalar function of  and , and  is the rate of deviatoric pl

strain. The constant may be estimated from the slope of the shear stress - plastic shear strai

at low levels of shear stress.

The function  is defined as

, (135)

where is a constant defining the size of the yield surface. The value of may be interpret

the radial distance between the outside of the initial yield surface and the inside of the limit sur

In order for the limit surface of the kinematic hardening cap model to correspond with the fa

envelope surface of the standard cap model, the scalar parameter must be replaced with

in the definition of .

The cap model contains a number of parameters which must be chosen to represent a par

material, and are generally based on experimental data. The parameters , , , and are u

evaluated by fitting a curve through failure data taken from a set of triaxial compression tests

parameters , , and define the cap hardening law. The value of represents the void fr

of the uncompressed sample and  governs the slope of the initial loading curve in hydros

compression. The value of is the ratio of major to minor axes of the quarter ellipse defining

cap surface. Additional details and guidelines for fitting the cap model to experimental data

found in (Chen and Baladi, 1985).

J1

a

s

h s a–≡ a

a cF s a,( )ėp=

c F s a ėp

c

F

F max 0 1 s a–( ) a•
2NFe J1( )

------------------------------–,Ł ł≡

N N

α α N–

Fe

α β θ γ

W D X0 W

D

R
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This model represents a new implementation of the two-invariant cap model into DYNA2D. T

version is highly vectorized and more reliable than the experimental implementation availab

previous releases. In addition, this new implementation incorporates nonlinear kinematic

hardening to model cyclic energy dissipation due to shear hysteresis.
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Material Type 19 (Frazer-Nash Hyperelastic Rubber)

1-10 Card 3 First strain energy density coefficient, E10

11-20 Second strain energy density coefficient, E1

21-30 Third strain energy density coefficient, E10

31-40 Fourth strain energy density coefficient, E10

41-50 Fifth strain energy density coefficient, E10

1-10 Card 4 Sixth strain energy density coefficient, E10

11-20 Seventh strain energy density coefficient, E1

21-30 Eighth strain energy density coefficient, E10

31-40 Ninth strain energy density coefficient, E10

41-50 Tenth strain energy density coefficient, E10

1-10 Card 5 Strain limit option, E10.0
EQ.0.0: stop if strain limits are exceeded
EQ.1.0: continue if strain limits are exceeded

1-10 Card 6 Maximum strain limit, E10.0

11-20 Minimum strain limit, E10.0

Card 7 Blank

Card 8 Blank

This model implements a hyperelastic constitutive law described in (Kenchington, 1988). It

useful for representing the behavior of rubber-like materials at moderate to large strains. An

native hyperelastic model is Material Type 7 (Blatz-Ko).

The strain energy density function is of the form

, (136)

where , , and  are the strain invariants defined in terms of engineering components of

Green-Lagrange strain tensor  by

, (137)

Columns Quantity Format

C001

C010

C020

C100

C101

C110

C200

C210

C300

C400

ILIMIT

Emax

Emin

W C100I 1 C200I 1
2 C300I 1

3 C400I 1
4+ + +=

+C010I 2 C020I 2
2 C110I 1I 2 C210I 1

2I 2+ + +

+C001I 3 C101I 1I 3+

I 1 I 2 I 3

E

I 1 E11 E22 E33+ +=
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, (138)

and

. (139)

The second Piola-Kirchhoff stress is found by differentiating the strain energy density func

 with respect to the Green-Lagrange strain,

. (140)

Cauchy stress  is then found from the second Piola-Kirchhoff stress using

, (141)

where  is the deformation gradient and  is its determinant.

The values of the ten coefficients in the strain energy density function must be determined

experimental data on the material. A procedure is described in (Kenchington, 1988) to dete

these parameters using data from a uniaxial stress test, a biaxial stress or strain test, and a sh

The model input includes a maximum strain limit , a minimum strain limit , and a str

limit option flag, . This feature is particularly useful if the model has been fitted to d

only over a limited range, and therefore caution should be exercised if strains outside this ran

encountered. At each step, the maximum and minimum normal strains are tested against th

criteria. If the maximum normal strain is greater than  or the minimum normal strain is 

than , then a message is written to the screen and hsp printout file, and execution termin

 or continues if .

I 2 E11E22 E11E33 E22E33+ +( )
1
4
--- E12

2 E23
2 E31

2+ +( )–=

I 3 E11E22E33
1
4
---E12E23E31+Ł ł

1
4
--- E11E23

2 E22E31
2 E33E12

2+ +( )–=

t

W

t
W∂
E∂

--------=

s

s
1
J
---FtFT=

F J

C

Emax Emin

ILIMIT

Emax

Emin

ILIMIT 0= ILIMIT 1=
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Material Type 20 (Laminated Composite)

1-10 Card 3 Elastic modulus - fiber direction,  (see Figure 2) E1

11-20 Elastic modulus - transverse direction, E10

21-30 Elastic modulus - thickness direction, E10

31-40 Poisson’s ratio, E10.0

41-50 Poisson’s ratio, E10.0

51-60 Poisson’s ratio, E10.0

1-10 Card 4 Shear modulus, E10.

11-20 Shear modulus, E10.0

21-30 Shear modulus, E10.0

31-40 Lamina thickness, E10.0

41-50 Lamination axes option, E10.0

EQ.1.0:  planar laminate defined by normal  and
interior surface point  (see Figure 11).

EQ.2.0:  spherical laminate with interior radius
and center  (see Figure 11).

51-60 Number of laminae, E10.0

Card 5 .EQ.1.0:
1-10 Coordinate  or E10.0

11-20 Coordinate E10.0
21-30 Coordinate  or E10.0
31-40 Coordinate E10.0

Card 5 .EQ.2.0:
1-10 Coordinate  or E10.0

11-20 Coordinate E10.0
21-30 Interior radius E10.0

Card 6 Blank

Card 7 Blank

Card 8 Blank

Columns Quantity Format

Ea

Eb

Ec

νab

νac

νbc

Gab

Gac

Gbc

t

Aopt

n
P

R
P

NUMLAY

Aopt
yp r p

zp

yn r n

zn

Aopt
yp r p

zp

R
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Define  lamina orientation angles, , (in degrees) . Repeat the following card unt

 angles have been defined.

1-10  (in degrees) E10.0

11-20  (in degrees) E10.0

21-30  (in degrees) E10.0

. .

. .

. .

71-80  (in degrees) E10.0

Repeat this card until all lamina angles are defined.

This model simulates an elastic laminated composite by calculating the effective laminate

properties, , based upon the lamina present in each element. The effective laminate proper

calculated using the first order approach developed by Pagano (1974).

The material properties are specified in the lamina coordinate systema-b-c, wherea, b, andc are

the fiber, transverse, and through-thickness directions, respectively. The lamina orientation

, is the angle that the fibers make with the plane of the mesh, i.e. the  or  plane.

example, in axisymmetric geometries hoop lamina have  while an axial lamina ha

or . More specifically, is the angle between the vectora and the plane formed

by the element vectorsA andC, shown in Figure 11. Note that the through-thickness directionc of

the lamina is always parallel to the element directionC.

The laminate geometry is based upon the lamination option and the assumption that each 

is thick. In the planar option, thei-th lamina ( ) exists in the region that is bound by lines th

are perpendicular ton and pass through the points  and . In the

spherical option, thei-th lamina ( ) exists in the region bound by two circles whose centers

P and radii are  and , respectively.

NUMLAY θ
NUMLAY

Card 1Cards 8,...,8+NUMLAY/8

Columns Quantity Format

θ1

θ2

θ3

θ8

C

θ r z– y z–

θ 90o±=

θ 0= θ 180o= θ

t i 1≠
P i 1–( )t n×+ P i t n××+

i 1≠
R i 1–( ) t×+ R i t×+
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The laminae present in each element are determined by constructing a ‘‘slice’’ that 1) span

entire element, 2) is parallel to the element vectorC, and 3) passes through the element centro

This slice is then overlaid on the laminate geometry, and the lamina number and fraction o

lamina present in the slice are determined.

The constitutive matrix  relating increments in stress to increments in strain in the lamina

coordinate systema-b-c is defined as

(142)

. (143)
Poisson's ratios are defined as

which represents the strain ratio resulting from a uniaxial stress applied in thei-th direction. Note

that symmetry of the elastic compliance  implies

, , and . (144)

Further, positive definiteness of  yields the following restrictions on the elastic constants

, , and . (145)

Nonphysical energy growth may appear in the solution if these restrictions on the elastic con
are not observed.

C

CL
1–

1
Ea

-----
νba

Eb

-------–
νca

Ec

------– 0 0 0

νab

Ea

-------–
1
Eb

-----
νcb

Ec

------– 0 0 0

νac

Ea

------–
νbc

Eb

------–
1
Ec

----- 0 0 0

0 0 0
1

Gab

-------- 0 0

0 0 0 0
1

Gbc

-------- 0

0 0 0 0 0
1

Gca

--------

=

νi j
ε j–
εi

-------=

CL
1–

νab

Ea

-------
νba

Eb

-------=
νca

Ec

------
νac

Ea

------=
νcb

Ec

------
νbc

Eb

------=

CL

νba

Eb

Ea

-----Ł ł

1
2
---

< νca

Ec

Ea

-----Ł ł

1
2
---

< νcb

Ec

Eb

-----Ł ł

1
2
---

<
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Figure 11
Options for determining the lamination axes

(a) AOPT = 1.0; (b) AOPT = 2.0.
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Based upon the laminate option , an elemental coordinate system,A-B-C, is constructed at

each element centroid. (See Figure 11.) The unit vectorC is parallel to:n for , and to

the vector that connects the reference pointP to the element centroid for . For each

lamina present within the element, thei-th lamina constitutive matrix is rotated from thea-b-c

lamina coordinate system to an intermediate - -  sytem.The angle between thea and

vectors (as well as between theb and  vectors) is , the lamina orientation angle. Using eac

lamina’s individual stiffness matrix, expressed in it own - - system, all lamina present wi

the element are homogenized (Pagano, 1974) and yield an effective stiffness matrix,

matrix is then reduced to the required two-dimensional  stiffness matrix bydiscarding all

unnecessary components. (Although the components  always, the

remaining discarded stiffnesses are only zero if the layup across the element is symmetric.

cautionary note below.) Finally, the reduced  effective stiffness matrix is then rotated f

theA-B-C element system into the global or system, and its components are store

history variables.

Pagono’s homogenization assumes that the effective elemental stresses , , and

the strains , , and are constant in the entire homogenization ‘‘slice.’’ The correspon

3 lamina stresses and 3 lamina strains are the same as the elemental stresses , , an

and the strains , , and  strains, when expressed in theA-B-C elemental coordinate

system. Care should be exercised when interpreting the global stresses and strains since, in g

they do not directly correspond to the actual lamina stresses and strains.

Caution should be exercised when interpreting results.The two-dimensional assumptions use

to reduce the full stiffness matrix, , to a stiffness matrix are that the elemental s

stresses  and , and strains  and  equal zero. For symmertic layups, this cond

is satisfied trivially since no off diagonal stiffness terms exit in  to couple the  and

components to each other or to any other components. However, for nonsymmetric layups

zero off diagonal terms render it impossible to satisfying all four assumptions simultaneous

When nonsymmetric layups exist, it is assumed that , and consequently

and . (This is consistent with Pagano’s homogenization theory.) This implies that an

applied external torqueexiststo resists the net contribution and that out-of-plane deformati

occurs. Note that these two three-dimensional effects are not consistent with conventional 

dimensional FE assumptions. Therefore, this material model is suggested for use only with

symmetric layups.

Aopt

Aopt 1.0=

Aopt 2.0=

Ci

a' b' c' a'

b' θi

a' b' c'

6 6× C

4 4×
C14 C24 C34 0= = =

4 4×
r z– x z–

σCC σAC σAB

εAA εBB γ AB

σCC σAC σAB

εAA εBB γ AB

6 6× C 4 4×
σAB σbc γ AB γ BC

C AB BC

σBC γ AB 0= = σAB 0≠
γ BC 0≠

σAB
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Material Type 21 (Isotropic-Elastic-Plastic)

1-10 Card 3 Young’s modulus, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

1-10 Card 5 Yield stress, E10.0

1-10 Card 6 Tangent modulus, E10.

Card 7 Blank

Card 8 Blank

This model produces bilinear elastoplastic behavior which is identical to Material Type 3 wi

, but is somewhat faster and requires less storage.

The theoretical foundations of this model are similar to those described for Material Type 3

numerical algorithms are based on those described in (Krieg and Key, 1976).

Columns Quantity Format

E

ν

σ0

ET

β 1.0=
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Material Type 22 (Strain Rate Dependent Steinberg-Guinan-Lund)
An equation of state must be used with this model.

1-10 Card 3 Shear modulus constant, E10

11-20 Yield stress constant, E10.

21-30 Strain hardening law constant, E10

31-40 Strain hardening exponent, E10

41-50 Initial plastic strain, E10.0

51-60 First thermal activation constant, E10

61-70 Twice the dislocation kink energy, E10.

1-10 Card 4 Yield stress work hardening limit, E10

11-20 Shear modulus pressure constant, E1

21-30 Yield stress pressure constant, E10

31-40 Energy coefficient, E10.0

41-50 Energy exponential coefficient, E10.

51-60 Peierl’s stress, E10.0

61-70 Second thermal activation constant, E10

71-80 Maximum athermal yield stress, E10

1-10 Card 5 Atomic weight,  (if ,  must be defined) E10

11-20 Melting temperature constant, E10

21-30 Thermodynamic gamma, E10.

31-40 Thermodynamic constant, E10.

41-50 Pressure cutoff, E10.0

51-60 Room temperature, E10.
EQ.0.0: default set to 300.0

61-70 Debye coefficient, E10.0
EQ.0.0: Debye correction ignored.

Columns Quantity Format

G0

σ0

β

n

γ i

C1

2UK

σm

b

b'

h

f

YP

C2

σam

A A 0= R'

Tmo

γ 0

a

pcut

Troom

θ
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.0

0

.0

6.0
1-10 Card 6 Spall model, E10.0
EQ.0.0: default set to 2.0
EQ.1.0: Pressure limit model
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion

11-20  (if , the atomic weight  is not used) E10

21-30 Effective plastic strain at failure, E10.

31-40 Polynomial order for fit,  ( ) E10.0

41-50 Cold compression energy polynomial flag, E10
EQ.0.0: Polynomial coefficients given or fit in terms of
EQ.1.0: Polynomial coefficients given or fit in terms of

51-60 Optional minimum limit for energy fit E10.0
Input  if
Input  if

61-70 Optional maximum limit for energy fit E10.0
Input  if
Input  if

1-16 Card 7 First cold compression polynomial coefficient, E1

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 8 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

Columns Quantity Format

ISPALL

R' R' 0≠ A

ε f
p

NFIT 1 NFIT 9≤ ≤

IVAR
η
µ

ηmin IVAR 0=
µmin IVAR 1=

ηmax IVAR 0=
µmax IVAR 1=

EC0

EC1

EC2

EC3

EC4

EC5

EC6

EC7

EC8

EC9
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The formulation of this model is described in Steinberg and Lund (1989), and essentially con

of a strain rate modification to the Steinberg-Guinan model (material type 11) to extend the r

of validity down to lower strain rates. The following description of this complex model is nec

sarily brief, and users are referred to the papers by Steinberg and coworkers for a complet

description of the model and its derivation. Material constants are given in (Steinberg, 1991

In terms of the foregoing input parameters, we define the shear modulus, , before the ma

melts as:

(146)

where  is the pressure,  is the relative volume,  is the current energy,  is the cold

compression energy, and  is the melting energy. The cold compression energy is calcula

using

, (147)

where . The equation is integrated using initial energy  and pressure  condit

that correspond to zero K and are given by

(148)

and

. (149)

Here is the Debye correction factor, and has a default value of 1 when . The me

energy is found from the cold compression energy and the melting temperature using

, (150)

where the melting temperature  is given by

(151)

and  is the melting temperature at the initial density, .

In the above equations,  is defined by

, (152)

G

G G0 1 bpV
1
3
---

h
Ei Ec–

3R'
---------------- 300–Ł ł–+ e

f Ei

Em Ei–
-------------------–

=

p V Ei Ec

Em

Ec x( ) pdx
0

x

∫=

x 1 V–= Eo Po

Eo 3R′Troom–=

Po γ oEoDebye
θ

Troom

------------Ł ł=

Debye θ 0=

Em x( ) Ec x( ) 3R'Tm x( )+=

Tm

Tm x( )
Tmoexp 2ax( )

V
2 γ0 a– 1

3
---–Ł ł
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R' Rρ
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where  is the universal gas constant and  is the atomic weight.Note that if  is not defined,

DYNA2D computes it with  in the cm-gram-microsecond system of units.Thus, this option

should not be used unless the entire analysis model is defined in the cm-gram-microsecond

system of units.

The yield strength is decomposed into a thermally activated part and an athermal par

, (153)

where G is a dimensionless function that relates the shear modulus at the current pressure

temperature  to the shear modulus under standard conditions.

The effective plastic strain rate is written in terms of the thermally activated yield stress and kn

functions as

, (154)

where  is the Peierls stress,  is the energy to form a pair of kinks in a dislocation seg

of length , and is the Boltzmann constant. The constant is the drag coefficient divide

the dislocation density  times the square of the Burger’s vector . The constant  is give

, (155)

where is the distance between Peierls valleys, is the width of a kink loop, and is the D

frequency. Equation (154) is solved iteratively to find , but the additional restriction

(156)

is also imposed.

If exceeds (i.e., the material has not melted), then the athermal part of the yield strengt

is given by:

. (157)

The work-hardened yield stress is found from the initial yield stress and the accumu

effective plastic strain  using the hardening law

, (158)

where is the initial plastic strain. If the work-hardened yield stress exceeds the limiting v

, then is reset to . After the materials melts ( ), the athermal yield stress

shear modulus  are reset to one half their initial value.
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The evaluation of the cold compression energy  using (67) is too expensive to perfor

each step of a calculation. As an approximation, many codes (including DYNA2D) use a

polynomial to interpolate cold compression energy data during execution. The independen

variable is chosen as , and the polynomial takes the form

(159)

where is the chosen order of the polynomial fit. Users are cautioned from using high o

polynomial fits as these may oscillate significantly and introduce errors into the calculation.

Note that the density and compression variables are related by

. (160)

The coefficients  through  may be defined in the input if they are known. If they are

specified in the input, DYNA2D will fit the cold compression energy with up to a ten term

polynomial expansion using a least squares method. If the order of the polynomial is not spec

DYNA2D will automatically pick the best polynomial order that fits the EOS generated data

Otherwise, DYNA2D will attempt to fit the data to the polynomial order desired. When DYNA2

performs any fit, the exact cold compression energy is compared with the cold compression e

found using the fitted polynomial at selected values of , and the results printed in the “hsp” o

file. These results should be examined closely to verify that a reasonably accurate polynom

has been obtained.

A Debye correction can be applied to the cold compression energy to improve the model’s te

ature response. This option is activated by specifying anon-zero value of the Debye coefficie

A choice of three spall models is offered to represent material splitting, cracking, and failure u

tensile loads. The pressure limit model, , limits the hydrostatic tension to the

specified value, . If pressures more tensile than this limit are calculated, the pressure is re

. This option is not strictly a spall model, since the deviatoric stresses are unaffected by

pressure reaching the tensile cutoff, and the pressure cutoff value  remains unchanged

throughout the analysis. The maximum principal stress spall model, , detects

if the maximum (most tensile) principal stress exceeds the limiting value . Note tha

negative sign is required because is measured positive in compression, while is po

in tension. Once spall is detected with this model, the deviatoric stresses are set to zero, a

hydrostatic tension  is permitted. If tensile pressures are calculated, they are reset 

Ec x( )

η

Ec ECiη
i

i 0=

NFIT 1–

∑=

NFIT

x 1 V– µ
µ 1+
------------ 1 1

η
---–= = =

EC0 EC9

x

θ

ISPALL 1=( )

pcut

pcut

pcut

ISPALL 2=( )

σmax pcut–

pcut σmax

p 0<( )
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the spalled material. Thus, the spalled material behaves as a rubble or incohesive material

hydrostatic tension spall model, , detects spall if the pressure becomes mor

tensile than the specified limit, . Once spall is detected the deviatoric stresses are set to

and the pressure is required to be compressive. If hydrostatic tension  is subseque

calculated, the pressure is reset to 0 for that element.

The Steinberg-Guinan-Lund model is applicable to materials over a range of strain rates. Con

for this model for a wide range of materials are given in a valuable recent publication by Stein

(1991).

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

ISPALL 3=( )

pcut

p 0<( )

ε f
p
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Material Type 23 (Three-Invariant Viscoplastic Cap Model)

1-10 Card 3 Shear modulus, E10.

11-20 Bulk modulus, E10.0

21-30 Gruneisen ratio (optional), E10.

31-40 Shock parameter (optional), E10.

 41-50 Pore compression flag, E10.
EQ.0.0: Explicit pore compression
EQ.1.0: Constant bulk modulus

1-10 Card 4 Shear failure surface constant, E1

11-20 Shear failure surface linear coefficient, E10

21-30 Shear failure surface exponential coefficient, E1

31-40 Shear failure surface exponent, E10

41-50 Tensile pressure cutoff (negative in tension) E1

51-60 Tensile return mapping mode E10

61-70 Kinematic hardening parameter, E10

71-80 Kinematic hardening coefficient, E10.

1-10 Card 5 Initial ellipticity, E10.0

11-20 Initial -axis intercept, E10.0

21-30 Cap contraction option, E10.0
EQ.0.0: Contraction allowed (soils)
EQ.1.0: Contraction omitted (rocks)
EQ.2.0: Contraction w/ hardening (rocks)

31-40 Shear-enhanced compaction parameter E1

1-10 Card 6 Maximum plastic volume strain, E10

11-20 Exponent E10.0

21-30 Exponent E10.0

31-40 Plot variable output option (see Table 3) E10

41-50 Maximum strain increment E10.0

1-10 Card 7 Three-invariant parameter E10

Columns Quantity Format

G

K

Γ

Sl

IPRES

α

θ

γ

β

Nα

cα

R0

J1 X0

IROCK

W

D1

D2

Q1
124



DYNA2D User Manual MATERIALS

0

0.0

.0

r and

hwer,
11-20 Three-invariant parameter E10.
GE.0.0: Formulation parameter
LE.0.0: Friction angle,  (degrees)

21-30 Rounded vertices parameter,  (degrees) E1

31-40 Rounded vertices parameter, E10

41-50 Viscoplasticity fluidity parameter E10.0

51-60 Viscoplastic flow function form, E10.0
LT.0.0: , where
GT.0.0:

Card 8 Blank

This model was developed by Len Schwer and Yvonne Murray and is described in (Schwe

Murray, 1994). For additional information on the viscoplastic aspects of this model see (Sc

1994).

Table 3: Output variables for NPLOT plotting option.

NPLOT Function Description

1  value at cap-shear surface intersection

2  intercept of cap surface

3 Cap surface ellipticity

4 Plastic volume strain

5 First stress invariant

6 Second invariant of deviatoric stress

7 Third invariant of deviatoric stress

8

9 Lode angle (degrees)

10 Octahedral plane radius

11 Relative volume

12 Porosity

Columns Quantity Format

Q2

ϕ

∆β0

δ

NFORM
φ f( ) f f 0⁄( )N= N NFORM=
φ f( ) exp f f0⁄( )N 1–=

L κ( ) J1

X κ( ) J1

R κ( )

εv
p

J1

J'2

J'3

J'ˆ3 3 1.5J'3( ) J'2( )3 2⁄⁄ 3β( )sin–=

β

R

J

φ
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13 Relative change in volume of solid phase

14 Pressure in the solid phase

15 Energy in the solid phase

16 nsubs Number of strain subincrements

17 Deviation from failure surface

18 Kinematic hardening limiting function

19* Kinematic hardening backstress

Table 3: Output variables for NPLOT plotting option.

NPLOT Function Description

φcs

Phs

Ehs

1 R 2F f
2Fc( ) J'2⁄–

Gα

J2
α
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Material Type 24 (Bammann Plasticity Model)

1-10 Card 3 Young’s modulus, E10.0

11-20 Poisson’s ratio, E10.0

21-30 Initial temperature, E10.0

31-40 Heat generation coefficient, E10.

1-10 Card 4 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

1-10 Card 5 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 E10.0

1-10 Card 6 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 E10.0

61-70 E10.0

71-80 E10.0

1-10 Card 7 Initial tensor internal variable, E10

11-20 Initial E10.0

21-30 Initial E10.0

31-50 Blank

Columns Quantity Format

E

ν

T0

HC

C1

C2

C3

C4

C5

C6

C7

C8

C13

C14

C9

C10

C15

C16

C11

C12

C17

C18

αxx

αyy

αxy
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51-60 Initial scalar internal variable, E10.

1-10 Card 8 Effective plastic strain at failure, E10

This model is described in (Bammann, 1990) and (Bammann, Johnson, and Chiesa, 1990)

phenomenological plasticity model using a set of internal state variables whose evolution is b

on micromechanics. The model includes rate and temperature dependence, and heat genera

to plastic work. Since internal state variables are used to track the deformation, the history e

of strain rate and temperature are correctly captured.

The number of material parameters may seem prohibitive, but rarely are all of the constants

The model reduces to linear strain hardening with only two required parameters. For rate in

sitive materials the number of parameters is reduced by four. If temperature dependence is

required (i.e. when heat generation is not important), then the number of parameters is redu

a factor of two. All of the parameters can be determined using simple tension and compres

data.

The evolution of the Cauchy stress  is governed by an equation of the form

, (161)

where  is the elastic part of the rate of deformation,  is the elastic Lame parameter give

, (162)

and  is the elastic shear modulus. The rate of deformation  (symmetric part of the veloc

gradient) is decomposed as

, (163)

where is the deviatoric plastic part, and is the thermal expansion part. The deviatoric p

part of the rate of deformation is given by

 for (164)

and

 for , (165)

where is temperature, is a scalar hardening variable, is the translated stress found fro

deviatoric Cauchy stress  and the tensor hardening variable  as

Columns Quantity Format

κ0

ε f
p

s

ṡ λTr d e( )1 2Gd e+=

d e λ

λ Eν
1 ν+( ) 1 2ν–( )

--------------------------------------=

G d

d d e d p d th+ +=

d p d th
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, (166)

and , , and  are scalar functions. Assuming isotropic thermal expansion wi

coefficient , the thermal part of the rate of deformation can be written

. (167)

The evolution of the internal plasticity variables  and  is found from

(168)

, (169)

where  and  are hardening moduli (which may be functions of temperature),

, (170)

, (171)

and , , , and  are scalar functions.

To compute temperature change, it is assumed that no heat is conducted out of an element a

of the plastic work is dissipated as heat, so it follows that

, (172)

where is the material density and is the specific heat. To include this effect the heat gene

coefficient, , should be defined in the input:

. (173)

Nine functions are used to describe the inelastic response. They can be grouped into three c

those associated with the initial yield stress, the hardening functions, and the recovery func

The temperature dependence of the yield functions are given by

(174)

(175)

. (176)

The function describes the rate independent yield strength as a function of temperature

function  determines the rate at which the material transitions from rate-insensitive to

dependent, and  describes the amount of rate dependence.

x s
2
3
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α 2
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Ṫ
0.9
ρcv

-------- s d p•( )=

ρ cv
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0.9
ρcv

--------=

V T( ) C1exp C2 T⁄–( )=

Y T( ) C3exp C4 T⁄( )=

F T( ) C5exp C6 T⁄–( )=

Y T( )
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Two internal state variables are used to model hardening. The tensor variable is used to de

the translation of the yield surface and the scalar variable  is used to track growth of the y

surface. These two history variables evolve independently, and their evolution is characteriz

a hardening contribution minus a recovery contribution. The hardening functions and

are given by

(177)

. (178)

Without recovery terms the model reduces to linear hardening with a tangent modulus of

. (179)

There are two recovery functions associated with each of the state variables  and . Larg

values of recovery result in faster deviation from linear hardening and lower saturation stre

The dynamic recovery function results in rate-independent hardening while the static (or the

recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

(180)

(181)

(182)

. (183)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lo

strain rates and higher temperatures the static recovery is dominant.

For high rate problems there can be a significant temperature increase due to plastic work.

allows the model to calculate thermal softening and thermal instabilities. Note that the heat g

ation coefficient will have no effect unless the functions are temperature-dependent. Typi

for strain rates less than 1.0  the problem is not adiabatic and therefore the heat genera

coefficient shouldnot be included.

The parameters that give initial values to the components of the internal variable may ofte

defined as zero. Nonzero values may be used to describe a material that is not initially isot

such as material deformed by a rolling process.

a
κ

h T( ) H T( )

h T( ) C9exp C10 T⁄( )=

H T( ) C15exp C16 T⁄( )=

ET E h H+( )( ) E h H+ +( )⁄=

a κ

r d T( ) C7exp C8 T⁄–( )=

r s T( ) C11exp C12 T⁄–( )=

Rd T( ) C13exp C14 T⁄–( )=

Rs T( ) C17exp C18 T⁄–( )=

HC
1

sec
-------

a
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Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.
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0

.0
Material Type 25 (Sandia Damage Model)

1-10 Card 3 Young’s modulus, E10.0

11-20 Poisson’s ratio, E10.0

21-30 Initial temperature, E10.0

31-40 Heat generation coefficient, E10.

1-10 Card 4 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

1-10 Card 5 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 E10.0

1-10 Card 6 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 E10.0

61-70 E10.0

71-80 E10.0

1-10 Card 7 Initial tensor internal variable, E10

11-20 Initial E10.0

21-30 Initial E10.0

31-50 Blank

Columns Quantity Format

E

ν

T0

HC

C1

C2

C3

C4

C5

C6

C7

C8

C13

C14

C9

C10

C15

C16

C11
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C17
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51-60 Initial scalar internal variable, E10.

61-70 Damage exponent, E10.

71-80 Initial void volume fraction (porosity), E10.0

1-10 Card 8 Effective plastic strain at failure, E10

11-20 Element deletion controlled by damage level, E1
EQ.0.: Damage level does not control element deletion
GT.0.: Element deletion based upon damage,

The constitutive equations of this model are described in (Bammann, 1990) and (Bamman

Johnson, and Chiesa, 1990). The damage model is described in (Bammann, Chiesa, McD

Kawahara, Dike, and Revelli, 1990) and (Bammann, Chiesa, Horstemeyer, and Weingarten,

This is a phenomenological plasticity model using a set of internal state variables whose ev

tionis based on micromechanics. The model includes rate and temperature dependence, a

generation due to plastic work. Since internal state variables are used to track the deformatio

history effects of strain rate and temperature are correctly captured. Ductile failure in materi

predicted by the model using a void growth evolution law.

The number of material parameters may seem prohibitive, but rarely are all of the constants

The model reduces to a linear strain hardening with only two required parameters. For rate

sitive materials the number of parameters is reduced by four. If temperature dependence is

required (i.e. when heat generation is not important), then the number of parameters is redu

a factor of two. All of the parameters (except for the two associated with damage) can be d

mined using simple tension and compression data.

The evolution of the Cauchy stress  is governed by an equation of the form

, (184)

where is the elastic part of the rate of deformation, is a scalar damage variable, is the e

Lame parameter given by

, (185)

and  is the elastic shear modulus. The rate of deformation  (symmetric part of the veloc

gradient) is decomposed as

Columns Quantity Format

κ0

m

D 0

ε f
p

FSD

Ḋ

s

ṡ λ 1 D–( )Tr d e( )1 2G 1 D–( )d e D
1 D–
-------------s–+=

d e D λ

λ Eν
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where  is the deviatoric plastic part,  is the dilatational plastic part, and  is the therm

expansion part. The deviatoric plastic part of the rate of deformation is given by

 for (187)

and

 for , (188)

where is temperature, is a scalar hardening variable, is the translated stress found fro

deviatoric Cauchy stress  and the tensor hardening variable  as

, (189)

and , , and  are scalar functions. The diliational plastic part of the rate of d

mation depends only on the damage variable and is given by

. (190)

Assuming isotropic thermal expansion with coefficient , the thermal part of the rate of def

mation can be written

. (191)

The evolution of the internal plasticity variables  and  is found from

(192)

, (193)

where  and  are hardening moduli (which may be functions of temperature),

, (194)

, (195)

and , , , and  are scalar functions.

The evolution of the damage parameter  is given by

, (196)

where  is a stress triaxiality factor given by

d d e d p d v d th+ + +=

d p d v d th

d p f T( )
x κ– Y T( ) 1 D–( )–

V T( ) 1 D–( )
----------------------------------------------------- x

x
------sinh= x κ– Y T( ) 1 D–( )– 0≥

d p 0= x κ– Y T( ) 1 D–( )–( ) 0<
T κ x

s a

x s
2
3
---a–≡

f T( ) Y T( ) V T( )

d v D
1 D–
-------------1=

â

d th âṪ1=

a κ

ȧ h T( )d p r d T( )d rs T( )+[ ]αa–=

κ̇ H T( )d p Rd T( )d Rs T( )+[ ]κ2–=

h T( ) H T( )

d
2
3
--- d p=

α 2
3
--- a=

r s T( ) Rs T( ) r d T( ) Rd T( )

D

Ḋ χ 1
1 D–( )m

--------------------- 1 D–( )– d p=

χ
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, (197)

 is a void growth constant,  is pressure, and  is effective stress.

To compute temperature change, it is assumed that no heat is conducted out of an element a

of the plastic work is dissipated as heat, so it follows that

, (198)

where is the material density and is the specific heat. To include this effect the heat gene

coefficient, , should be defined in the input:

. (199)

Nine functions are used to describe the inelastic response. They can be grouped into three c

those associated with the initial yield stress, the hardening functions, and the recovery func

The temperature dependence of the yield functions are given by

(200)

(201)

. (202)

The function describes the rate independent yield strength as a function of temperature

function  determines the rate at which the material transitions from rate-insensitive to

dependent, and  describes the amount of rate dependence.

Two internal state variables are used to model hardening. A tensor variable  is used to de

the translation of the yield surface and a scalar variable  is used to track growth of the yie

surface. These two history variables evolve independently, and their evolution is characteriz

a hardening contribution minus a recovery contribution. The hardening functions and

are given by

(203)

. (204)

Without recovery terms the model reduces to linear hardening with a tangent modulus of

. (205)

χ 2 2m 1–( )p
2m 1+( )σ

----------------------------sinh=

m p σ

Ṫ
0.9
ρcv

-------- s d p•( )=

ρ cv

HC

HC
0.9
ρcv

--------=

V T( ) C1exp C2 T⁄–( )=

Y T( ) C3exp C4 T⁄( )=

F T( ) C5exp C6 T⁄–( )=

Y T( )

F T( )

V T( )

a

κ

h T( ) H T( )

h T( ) C9exp C10 T⁄( )=

H T( ) C15exp C16 T⁄( )=

ET E h H+( )( ) E h H+ +( )⁄=
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There are two recovery functions associated with each of the state variables  and . Larg

values of recovery result in faster deviation from linear hardening and lower saturation stre

The dynamic recovery function results in rate-independent hardening while the static (or the

recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

(206)

(207)

(208)

. (209)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lo

strain rates and higher temperatures the static recovery is dominant.

For high rate problems there can be a significant temperature increase due to plastic work.

allows the model to calculate thermal softening and thermal instabilities. Note that the heat g

ation coefficient will have no effect unless the functions are temperature-dependent. Typi

for strain rates less than 1.0  the problem is not adiabatic and therefore the heat genera

coefficient shouldnot be included.

The parameters that give initial values to the components of the internal variable may ofte

defined as zero. Nonzero values may be used to describe a material that is not initially isot

such as material deformed by a rolling process.

The evolution of the damage internal state variable  is motivated by the Cocks-Ashby sol

for the growth of a spherical void in a rate-dependent plastic material. Note that there is str

dependence on the ratio of mean stress to effective stress. Based on microscopic measurem

initial void volume fractions for metals, a value of 0.0001 is typically used for . The value

 must be determined from test data, but unfortunately a simple procedure has not been f

Typically a notch tensile test is modeled and is varied through a trial-and-error process un

correct strain to failure is produced. Other notch tests can then be used as validation. If no

data exists, then a standard tensile test may be modeled and the strain at failure can be us

(although this is less accurate). Most metals will fail at void fractions of several percent. Howe

at five percent damage, the growth rate is usually so large that a damage fraction of one (to

material failure) is usually reached in a few time steps. For this reason the damage is limite

a κ

r d T( ) C7exp C8 T⁄–( )=

r s T( ) C11exp C12 T⁄–( )=

Rd T( ) C13exp C14 T⁄–( )=

Rs T( ) C17exp C18 T⁄–( )=

HC
1

sec
-------

a

D

D 0

m

m
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0.99, at which point failure is assumed. The element stress and stiffness are inversely propo

to the damage, and at a damage level of 0.99 the element is essentially removed from the 

lation.

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17. Alternatively, by specifying a pos

and nonzero damage parameters, material ‘‘erosion’’ will be controlled by the accumul

damage parameter . Both material erosion methods can be used simultaneously. In this 

which every condition is satisfied first will determine erosion.

ε f
p

FSD

Ḋ
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Material Type 26 (Circumferentially Cracked Elastic-Plastic)

1-10 Card 3 Young’s modulus, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

1-10 Card 5 Yield stress, E10.0

11-20 Effective plastic stain at failure, E10.

1-10 Card 6 Tangent modulus, E10.

11-20 Hardening parameter, E10.

1-10 Card 7 Effective plastic strain, E10.

11-20 Effective plastic strain, E10.0

. . .

71-80 Effective plastic strain, E10.0

1-10 Card 8 Yield stress  at E10.0

11-20 Yield stress  at E10.0

. . .

71-80 Yield stress  at E10.0

This model is applicable only to axisymmetric structures. The material behavior is similar to

material type 3, except that elements of this material cannot carry tensile circumferential stres

specifying an initial relative volume greater than one on the element cards, the developmen

compressive circumferential stresses can be delayed or prevented since a gap must close 

ferentially before compressive hoop stress develops.

The material behavior is elastoplastic and includes linear or piecewise strain hardening and

material failure. The hardening parameter  specifies an arbitrary combination of kinematic

isotropic hardening for linear strain hardening; yields purely kinematic hardening, w

gives purely isotropic hardening. Figure 3 illustrates the effect of on the uniaxial str

strain curve. The numerical algorithms used in this model are adapted from (Krieg and Key, 1

Material ‘‘erosion’’ and failure may be obtained by defining a nonzero effective plastic strain

failure  and specifying, on Control Card 4, that this material is active for automatic contac

Erosion is discussed in detail in section 2.12 on page 17.

Columns Quantity Format

E

ν

σ0

ε f
p

ET

β

ε1
p

ε2
p

ε3
p

σy1 ε1
p

σy2 ε2
p

σy3 ε3
p

β
β 0.0=

β 1.0= β

ε f
p
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The piecewise linear strain hardening can only be used with isotropic hardening -- .β 1=
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EQUATION OF STATE DEFINITION

An equation-of-state defines the volumetric behavior of a material, and must be usedonly in combi-

nation with a hydrodynamic material model. Many equation-of-state models allow the user 

specify an initial energy per unit initial volume, , and an initial relative volume, . If

then is the energy per unit initial volume (i.e., per unit reference volume for the relative volu

computation).

Note that all energies reported by DYNA2D and written to the ORION database are per unit ra

for axisymmetric problems and per unit thickness for plane strain problems.

Define an equation-of-state only for Material Types 8, 9, 10, 11, 12, 15, 16, and 22.

1-72 Equation-of-state identification 12A6

This equation-of-state title will appear in the printed output. It is often helpful to use this hea

to identify the physical material for which the DYNA2D equation of state model was construc

E0 V0 V0 0≠
E0

Card 2Card 9

Columns Quantity Format
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Equation-of-State Form 1 (Linear Polynomial)

1-10 Card 10 Pressure constant, E10

11-20 Linear compression coefficient, E10

21-30 Quadratic compression coefficient, E10

31-40 Cubic compression coefficient, E10.

41-50 First energy coefficient, E10.0

51-60 Second energy coefficient, E10

61-70 Third energy coefficient, E10.0

71-80 Initial internal energy per unit initial volume, E10.

1-10 Card 11 Initial relative volume, E10.0
EQ.0.0: default set to 1.0

The linear polynomial equation-of-state is linear in internal energy. The pressure is given b

(210)

where the excess compression  is given by

, (211)

is the internal energy, is the current density, and is the initial density. The tension-lim

excess compression  is given by

. (212)

Relative volume is related to excess compression and density by

. (213)

This equation-of-state is linear in internal energy, and may be used to fit experimental data

many materials. If  (the elastic bulk modulus) and all other , then linear elast

volumetric response is obtained.

This form of equation-of-state was adapted from that discussed in (Woodruff, 1973).

Card 2Cards 10, . . .

Columns Quantity Format

C0

C1

C2

C3

C4

C5

C6

E0

V0

p C0 C1µ C2µ2 C3µ3 C4 C5µ C6µ2+ +( )E+ + + +=

µ

µ ρ
ρ0

----- 1–≡

E ρ ρ0

µ

µ max µ 0,( )=

V
1

1 µ+
------------

ρ0

ρ
-----= =

C1 K= Ci 0=
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Equation-of-State Form 2 (JWL)

1-10 Card 10 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 Initial internal energy per unit initial volume, E10.

61-70 Initial relative volume, E10.0
EQ.0.0: default set to 1.0

The JWL equation-of-state defines the pressure as

, (214)

where  is relative volume and  is internal energy.

The JWL equation of state is often used for detonation products of high explosives. Additio

information in given in (Dobratz, 1981).

Columns Quantity Format

A

B

R1

R2

ω

E0

V0

p A 1 ω
R1V
----------–Ł łe

R1V–
B 1 ω

R2V
----------–Ł łe R2V– ωE

V
--------+ +=

V E
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Equation-of-State Form 3 (Sack)

1-10 Card 10 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 Initial internal energy per unit initial volume, E10.

61-70 Initial relative volume, E10.0
EQ.0.0: default set to 1.0

The Sack equation-of-state defines pressure  as

, (215)

where  is relative volume and  is the internal energy.

This equation-of-state form is often used for detonation products of high explosives, and w

adapted from (Woodruff, 1973).

Columns Quantity Format

A1

A2

A3

B1

B2

E0

V0

p

p
A3

VA1
--------e A2V– 1

B1

V
-----–Ł ł

B2

V
-----E+=

V E
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Equation-of-State Form 4 (Gruneisen)

1-10 Card 10 Velocity curve intercept, E10.

11-20 First slope coefficient, E10.0

21-30 Second slope coefficient, E10.

31-40 Third slope coefficient, E10.0

41-50 Gruneisen coefficient, E10.0

51-60 First order volume correction coefficient, E10

61-70 Initial internal energy per unit initial volume, E10.

71-80 Initial relative volume, E10.0
EQ.0.0: default set to 1.0

The Gruneisen equation-of-state with cubic shock velocity-particle velocity defines pressur

compressed materials ( ) as

, (216)

and for expanded materials ( ) as

, (217)

where  is the intercept of the shock velocity vs. particle velocity ( ) curve, , , and

are the coefficients of the slope of the curve, is the Gruneisen gamma, and is the

order volume correction to . The excess compression  is defined by

, (218)

where  is the current density and  is the initial density.

The implementation of the Gruneisen equation-of-state is adapted from (Woodruff, 1973).

Columns Quantity Format

C

S1

S2

S3

γ 0

a

E0

V0

µ 0>

p
ρ0C2µ 1 1

γ 0

2
----–Ł łµ a

2
---µ2–+

1 S1 1–( )µ– S2
µ2

µ 1+
------------– S3

µ3

µ 1+( )2
-------------------–

2
----------------------------------------------------------------------------------------------- γ 0 aµ+( )E+=

µ 0<

p ρ0C2µ γ 0 aµ+( )E+=

C vs vp– S1 S2 S3

vs vp– γ 0 a

γ 0 µ

µ ρ
ρ0

----- 1–≡

ρ ρ0
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Equation-of-State Form 5 (Ratio of Polynomials)

1-16 Card 10 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 11 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 12 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 13 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 14 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 15 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

Columns Quantity Format

A10

A11

A12

A13

A20

A21

A22

A23

A30

A31

A32

A33

A40

A41

A42

A43

A50

A51

A52

A53

A60

A61

A62

A63
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.0
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1-16 Card 16 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 17 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

1-16 Card 18 Initial internal energy per unit initial volume, E16

17-32 Initial relative volume, E16.0
EQ.0.0: default set to 1.0

The ratio of polynomials equation-of-state defines the pressure as

(219)

where the each of the  are polynomials in terms of the excess compression  of the form

(220)

with for and , and for through . The excess compression is defined

, (221)

where  is the current density and  is the initial density.

In expanded elements ( ),  in (219) is replaced by , where  is defined by

. (222)

This equation-of-state was adapted from (Woodruff, 1973).

Columns Quantity Format

Columns Quantity Format

A70

A71

A72

A73

α

β

A14

A24

E0

V0

p
F1 F2E F3E2 F4E3+ + +

F5 F6E F7E2+ +
----------------------------------------------------------- 1 αµ+( )=

Fi µ

Fi Aikµk

k 0=

n

∑=

n 4= F1 F2 n 3= F3 F7 µ

µ ρ
ρ0

----- 1–≡

ρ ρ0

µ 0< F1 F1 F1

F1 F1 βµ2+=
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Equation-of-State Form 6 (Linear Polynomial with Energy Deposition)

1-10 Card 10 Pressure constant, E10

11-20 Linear compression coefficient, E10

21-30 Quadratic compression coefficient, E10

31-40 Cubic compression coefficient, E10.

41-50 First energy coefficient, E10.0

51-60 Second energy coefficient, E10

61-70 Third energy coefficient, E10.0

71-80 Initial internal energy per unit initial volume, E10.

1-10 Card 11 Initial relative volume, E10.0
EQ.0.0: default set to 1.0

11-20 Load curve number giving energy deposition rate, E1

This equation-of-state form is similar to equation-of-state form 1 except that this form allow

internal energy to be deposited into the material at a specified rate. The pressure is given b

(223)

where the excess compression  is given by

, (224)

is the internal energy, is the current density, and is the initial density. The tension-lim

excess compression  is given by

. (225)

Relative volume is related to excess compression and density by

. (226)

Internal energy is added into the material at a rate specified by load curve . This feature a

energy transfer mechanisms to be included which are not considered in detail in the analysis

This equation-of-state is linear in internal energy, and may be used to fit experimental data

many materials.

Columns Quantity Format

C0

C1

C2

C3

C4

C5

C6

E0

V0

LC

p C0 C1µ C2µ2 C3µ3 C4 C5µ C6µ2+ +( )E+ + + +=

µ

µ ρ
ρ0

----- 1–≡

E ρ ρ0

µ

µ max µ 0,( )=

V
1

1 µ+
------------

ρ0

ρ
-----= =

LC
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.0
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0

Equation-of-State Form 7 (Ignition and Growth of Reaction in HE)

1-10 Card 10 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 Second ignition coefficient, E10.0

1-10 Card 11 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 12 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 13 E10.0

11-20 E10.0

21-30 Heat capacity of reaction products, E10.0

31-40 Heat capacity of unreacted HE, E10

41-50 E10.0

1-10 Card 14 E10.0

11-20 E10.0

21-30 Initial temperature,  (in ) E10.0

31-40 Minumum fraction reacted, E10.0

41-50 Tolerance for pressure iteration, E10

51-60 Maximum reaction per cycle, E10.

Columns Quantity Format

R1p

R2p

R5p

R6p

Fr

R3p

R1e

R2e

R3e

R5e

R6e

Fmax ig,

Fq

G1

m

a1

s1

cvp

cve

η

Ccrit

Qr

T0
°K

fcut

ptol

chi
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1-10 Card 15 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

51-60 E10.0

Equation of State Form 7 was developed by Tarver et. al. and is used to calculate the shoc

ation and detonation wave propagation of solid high explosive materials. It should be used in

of the programmed burn (ideal burn) options whenever:

• there is a question whether the high explosive will react,

• there is a finite time required for a shock wave to build up to cause detonation,

• there is a finite thickness of the chemical reaction zone in a detonation wave.

At relatively low initial pressures (less than 2 or 3 GPa), this equation of state should be used

DYNA2D Material Type 10 (elastic-plastic hydrodynamic) for an accurate calculation of the st

state in the unreacted HE. At higher initial pressures, the deviatoric stress state in the HE i

important and Material Type 9 (fluid) may be used at lower cost.

In the following description, a subscript ‘‘e’’ denotes quantities for the unreacted explosive, 

subscript ‘‘p’’ denotes quantities for the reaction products,  is the pressure,  is the relativ

volume, and  is the absolute temperature.

The pressure in the unreacted explosive is given by a JWL equation of state,

(227)

where  is a given constant related to the specific heat  and JWL parameter  by

. (228)

The pressure in the reaction products is defined by another JWL equation of state,

, (229)

and  is a given constant related to the specific heat and JWL parameter as above.

G2

a2

Columns Quantity Format

s2

n

Fmax gr,

Fmin gr,

p V

T

pe R1ee
R5eVe– R2ee

R6eVe– R3e

Te

Ve

-----+ +=

R3e cve ω

R3e ωecve=

pp R1pe
R5p– R2pe

R6pVp– R3p

Tp

Vp

------+ +=

R3p
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As the chemical reaction converts unreacted explosive to reaction products, these JWL equ

of state are used to calculate the pressure in the mixture. This mixture is defined by the fra

reacted, , where represents no reaction (all explosive) and represents com

reaction (all products). The temperatures and pressures of reactants and products are ass

be in equilibrium (i.e.,  and ), and the relative volumes are additive,

. (230)

The assumed form of the chemical reaction rate for conversion of unreacted explosive to rea

products consists of three physically realistic terms: an ignition term which models the rea

of a small amount of explosive soon after the shock wave compresses it, a slow growth of rea

term  which models the spread of this initial reaction, and a rapid completion of reaction 

which dominates at high pressure and temperature. The assumed forms for the reaction

then

, (231)

where the ignition term is given by

, (232)

the growth term is given by

, (233)

and the completion term is given by

, (234)

and , , , , , , , , , , , and  are given constants.

The ignition rate  is set to zero when , the growth term  is set to zero when

, and the completion term  is set to zero when .

Details of the computational methods and many examples of one and two-dimensional shoc

ation and detonation wave calculations can be found in (Cochran and Chan, 1979), (Lee and T

1980), (Tarver and Hallquist, 1981), (Tarver, Hallquist, and Erickson, 1985), and (Tarver, 19

Unfortunately, sufficient experimental data has been obtained for only two solid explosives t

velop reliable shock initiation models: PBX-9404 (and the related HMX-based explosives LX

LX-10, LX-04, etc.), and LX-17 (the insensitive TATB-based explosive). Reactive flow mod

for other explosives (such as TNT, PETN, Composition B, propellants) have been develope

F F 0= F 1.0=

Te Tp= pe pp=

V 1 F–( )Ve Vp+=

Ḟ1

Ḟ2

Ḟ3

F∂
t∂

------ Ḟ1 Ḟ2 Ḟ3+ +=

Ḟ1 Fq 1 F–( )Fr
1
Ve

----- 1 Ccrit––
η

=

Ḟ2 G1 1 F–( )s1Fa1 pm=

Ḟ3 G2 1 F–( )s2Fa2 pn=

Fq Fr Ccrit η G1 s1 a1 m G2 s2 a2 n

Ḟ1 F Fmax ig,≥ Ḟ2

F Fmax gr,≥ Ḟ3 F Fmin gr,≤
150



DYNA2D User Manual MATERIALS

in the
are based on very limited experimental data. The standard models for PBX-9404 and LX-17 (

centimeters, grams, and microseconds units system) are given in Table 4 and Table 5.

Table 4: Material Type 10 Constants for Two HE Materials

Material
densit

y
shear modulus yield strength

PBX-9404 1.842 0.0454 0.002

LX-17 1.900 0.0354 0.002

Table 5: Equation of State Form 7 Constants for Two HE Materials

Constant PBX-9404 LX-17

8.524 5.31396

0.1802 0.0270309

4.6 4.1

1.3 1.1

0.667 0.667

3.8E-6 4.60E-6

9522.0 778.1

-0.05944 -0.05031

2.4656E-5 2.2229E-5

14.1 11.3

1.41 1.13

0.3 0.5

7.43E+11 4.0E+6

3.1 0.6

1.0 1.0

0.111 0.111

0.667 0.667

R1p

R2p

R5p

R6p

Fr

R3p

R1e

R2e

R3e

R5e

R6e

Fmax ig,

Fq

G1

m

a1

s1
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1.0E-5 1.0E-5

2.7813E-5 2.487E-5

20.0 7.0

0.0 0.22

0.102 0.069

298.0 298.0

400.0 400.0

1.0 1.0

0.333 .333

2.0 3.0

0.5 0.5

0.0 0.0

Table 5: Equation of State Form 7 Constants for Two HE Materials

Constant PBX-9404 LX-17

cvp

cve

η

Ccrit

Qr

T0

G2

a2

s2

n

Fmax gr,

Fmin gr,
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Equation-of-State Form 8 (Tabulated with Compaction)

1-16 Card 10 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 11 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 12 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 13 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 14 First temperature, E16.

17-32 Second temperature, E16.

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 15 E16.0

Columns Quantity Format

εv1

εv2

εv3

εv4

εv5

εv6

εv7

εv8

εv9

εv10

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

T1

T2

T3

T4

T5

T6
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0

.0

.0

0

0

ulated

lus at

e

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 Tenth temperature, E16.

1-16 Card 16 First unloading bulk modulus, E16

17-32 Second unloading bulk modulus, E16

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 17 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 Tenth unloading bulk modulus, E16.

1-16 Card 18 E16.0

17-32 Initial internal energy per unit initial volume, E16.

33-48 Initial relative volume, E16.0

Pressure is positive in compression, and volumetric strain  is positive in tension. The tab

compaction model is linear in internal energy. Pressure is defined by

(235)

during loading (compression). Unloading occurs at a slope corresponding to the bulk modu

the peak (most compressive) volumetric strain, as shown in Figure 12. Reloading follows th

unloading path to the point where unloading began, and then continues on the loading path

described by (235).

The volumetric strain is found from the relative volume  as

. (236)

Columns Quantity Format

T7

T8

T9

T10

K1

K2

K3

K4

K5

K6

K7

K8

K9

K10

γ

E0

V0

εv

p C εv( ) γT εv( )E+=

V

εv ln V( )=
154
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The tabulated functions may contain from 2 to 10 points, and the model will extrapolate usin

last two points to find the pressure if required.

Figure 12
Pressure vs. volumetric strain curve for equation-of-state Form 8 with compaction. The

unloading bulk modulus  depends on the peak volumetric strain. The tension limit  is

defined in the material model definition. Note is positive in compression and is positive

tension.

K pcut

p εv

εv
A εv

B εv
C εv–

p

pcut

K εv
A( ) K εv

B( )
K εv

C( )

A
B

C
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0

0

Equation-of-State Form 9 (Tabulated)

1-16 Card 10 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 11 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 12 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 13 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 E16.0

1-16 Card 14 First temperature, E16.

17-32 Second temperature, E16.

33-48 E16.0

49-64 E16.0

65-80 E16.0

Columns Quantity Format

εv1

εv2

εv3

εv4

εv5

εv6

εv7

εv8

εv9

εv10

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

T1

T2

T3

T4

T5
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1-16 Card 15 E16.0

17-32 E16.0

33-48 E16.0

49-64 E16.0

65-80 Tenth temperature, E16.

1-16 Card 16 E16.0

17-32 Initial internal energy per unit initial volume, E16.

33-48 Initial relative volume, E16.0

Pressure is positive in compression, and volumetric strain is positive in tension. The tabu

compaction model is linear in internal energy. Pressure is defined by

, (237)

where  is internal energy.

The volumetric strain is found from the relative volume  as

. (238)

The tabulated functions may contain from 2 to 10 points, and the model will extrapolate to find

pressure if required.

Columns Quantity Format

T6

T7

T8

T9

T10

γ

E0

V0

p εv

p C εv( ) γT εv( )E+=

E

V

εv ln V( )=
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0

0

.0
Equation-of-State Form 10 (Propellant)

1-10 Card 10 Burn rate, E10.0

11-20 Pressure exponent, E10.

21-30 Form factor, E10.0

31-40 Ratio of specific heats, E10.

41-50 Solid density, E10.0

41-50 Web thickness, E10.0

1-10 Card 11 Flame temperature, E10

11-20 Gas molecular weight, E10.0

21-30 Gas constant, E10.0

31-40 Specific covolume, E10.0

41-50 Igniter mass fraction, E10.0

Columns Quantity Format

β

α

θ

γ

ρs

dweb

T f

Mc

R

η

f mi
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E10.0

10.0

0

0

0

.0

0

.0

e

Equation-of-State Form 11 (Pore Collapse)

1-5 Number of Virgin Loading Curve points, 15

6-10 Number of Completely Crushed Curve points, 15

11-20 Excess Compression required before any pores can collapse,

21-30 Excess Compression point where the Virgin Loading Curve and the E
Completely Crushed Curve intersect,

31-40 Initial Internal Energy per unit initial volume, E10.

41-50 Initial Excess Compression, E10.

Virgin Loading Curve Definition

1-15 Excess Compression, E15.

16-30 Corresponding pressure, E15

Continue on additional Virgin Loading Curve Definition Cards until all  pairs have been

defined.

Completely Crushed Curve Definition

1-15 Excess Compression, E15.

16-30 Corresponding pressure, E15

Continue on additional Completely Crushed Curve Definition cards until all  points hav

been defined.

Card 2Card 10

Columns Quantity Format

NLD

NCR

µ1

µ2

E0

µ0

Card 2Cards 11 thru NLD+10

Columns Quantity Format

µ

p

NLD

Cards NLD+11 thru NLD+NCR+10

Columns Quantity Format

µ

p

NCR
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The Pore Collapse equation-of-state is based on (Burton, 1982) and uses two curves: the v

loading curve and the completely crushed curve, as shown in Figure 13. Two critical points

defined: the excess compression point required for pore collapse to begin ( ), and the exc

compression point required to completely crush the material ( ). From this data and the max

compression the material has attained ( ), the pressure for any excess compression  

determined. Unloading occurs along the virgin loading curve until the excess compression

surpasses . After that, the unloading follows a path between the completely crushed curv

the virgin loading curve. Reloading will follow this curve back up to the virgin loading curve. On

the excess compression exceeds , then all unloading will follow the completely crushed 

For unloading between  and  a partially crushed curve is determined by the relationsh

, (239)

where

µ1

µ2

µmax µ

µ1

µ2

Figure 13
Pressure vs. excess compression for the Pore Collapse equation-of-state. The partially cr

curve lies between the Virgin Loading Curve and the Completely Crushed Curve.

µ2µ1 µ

p

Virgin Loading Curve

Completely Crushed Curve

µ1 µ2

ppc µ( ) pcc
1 µB+( ) 1 µ+( )

1 µmax+
-------------------------------------- 1–Ł ł=
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(240)

is the excess compression corresponding to a pressure of on the completely crushed cu

the above, subscript  refers to the partially crushed state and subscript  refers to the

completely crushed state.

In terms of the relative volume ,

, (241)

. (242)

Thus, for a fixed , the partially crushed curve will separate linearly from the

completely crushed curve as  increases to account for pore recovery in the material.

The bulk modulus  is determined as one plus the excess compression times the slope of 

current curve,

. (243)

 It then follows that the slope for the partially crushed curve is

. (244)

The bulk sound speed is determined from the slope of the completely crushed curve at the c

pressure to avoid instabilities. The virgin loading and completely crushed curves are modeled

monotonic cubic splines. An optimal vectorized interpolation scheme is then used to evalua

cubic splines as required during the solution. The bulk modulus and sound speed are derive

a linear interpolation on the derivatives of the cubic splines.

µB pcc
1– pmax( )=

pmax

pc cc

V

V
1

1 µ+
------------=

ppc V( ) pcc

VB

Vmin

----------VŁ ł=

Vmin
1

µmax 1+
-------------------=

V

K

K 1 µ+( )
p∂
µ∂

------=

p∂
µ∂

------
1 µB+( )

1 µmax+
--------------------

pcc∂
µ∂

----------
1 µB+( ) 1 µ+( )

1 µmax+( )
--------------------------------------Ł ł=
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0.0

0.0

.0

.0

.0

0.0

.0

.0

.0

.0

.0

.0

0

0

0

0

0

Equation-of-State Form 12 (Composite High Explosive)

1-10 Card 10 JWL coefficient for component 1 products,  (mbar) E1

11-20 JWL coefficient for component 1 products,  (mbar) E1

21-30 JWL exponent for component 1 products, E10

31-40 JWL exponent for component 1 products, E10

41-50 JWL constant for component 1 products, E10

1-10 Card 11 JWL coefficient for component 1 explosive,  (mbar) E1

11-20 JWL coefficient for component 1 explosive,  (mbar) E10

21-30 JWL exponent for component 1 explosive, E10

31-40 JWL exponent for component 2 explosive, E10

41-50 JWL constant for component 1 explosive, E10

1-10 Card 12 Ambient temperature,  (deg. K) E10

11-20 Viscosity,  (mbar-microsec/cm2) E10.0

21-30 Thermal conductivity,  (cal/cm microsec deg) E10

31-40 Specific heat,  (cal/gm deg) E10.

41-50 Pore size (radius),  (cm) E10.

51-60 E10.0

1-10 Card 13 Activation energy,  (cal/mole) E10.

11-20 Arrhenius prefactor,  (microsec-1) E10.0

21-30 Heat of reaction,  (cal/gm) E10.

31-40 Energy of detonation,  (mbar) E10.

41-50 E10.0

1-5 Card 14 Reaction growth type, I5
EQ.0: Default set to 1
EQ.1: Uses growth formula in (245)

6-15 E10.0

16-25 E10.0

26-35 E10.0

Columns Quantity Format

Ap

Bp

R1p

R2p

ωp

Ae

Be

R1e

R2e

ωe

T0

µ

λ

cp

r 0

φ

Eac

K0a

Qa

Eqa

ρa

IGT

Ha

Xa

Ya
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36-45 E10.0

46-55 Mass fraction for explosive component 1, E10
EQ.1.0: one component explosive, input completed
LT.1.0: two component explosive; repeat Cards 10-14

for the explosive component two.

This equation of state models the shock initiation and reaction growth of solid high explosives

theoretical derivations and physical foundations for this model are discussed in (Nutt and Eric

1984) and (Nutt, 1987).

The initiation is based on viscoplastic heating in the reactant surrounding microscopic pores

yield strength is compared with the applied stress. Pore collapse begins if the stress excee

strength. The rate of collapse is determined by the pressure and the viscosity. The resulting h

rate is calculated. The input for this phase of the calculation is supplied on Card 12. Source

this data are handbooks, and porosimetry measurements. If the heating rate is greater than t

conduction rate the local temperature in the neighborhood of the pores will rise until either 

pressure is released, or the condition for runaway reaction is reached.

Card 13 supplies the data necessary to calculate critical conditions. The heat of reaction and

of detonation are similar quantities but not identical because they are measured in different

The heat of reaction is tabulated in reports on criticality experiments such as the ODTX tes

heat of detonation is obtained from cylinder tests and is usually listed with equation of state

for the product gases.

At criticality, if , the reaction proceeds according to the formula

(245)

for the global chemical reaction rate. The input parameters controlling the reaction are suppli

Card 14. The appropriate values can be obtained from reactive flow Lagrange analysis, or b

and error fit to whatever appropriate experimental data is available. The formula used for

is more or less traditional but has no reliable theoretical basis. Other growth formulas will bec

available as a user option as our understanding improves.

Columns Quantity Format

Za

f m1

IGT 1=

dF
dt
------- H 1 F–( )ypz=

IGT 1=
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The equations of state are assumed to have a JWL form because of the widely available fit

many different explosives. The convenient analytic properties of JWL also make its choice a

priate. Hugoniot data for the reactant can be used to find fits to the JWL parameters when th

not already published.

The purpose of this model is to provide the basic physics of high explosive initiation and rea

growth, at least to the extent these processes are presently understood. The user should rem

that explosives are generally heterogeneous materials while this model is base on a contin

mechanical description. Thus, there are certain small length scales within which it will not a

The input parameters may vary for different samples of the same type of explosive. Some e

mentation may be necessary to get satisfactory results. Knowledge of the variability of eac

explosive will be useful as well as the nominal values for the parameters. It may be found f

instance that one particular pore size may control initiation at a certain shock pressure while

pore sizes are required under different shock conditions. A knowledge of the pore size distrib

will be very helpful under these conditions.

Where possible, the model is based upon specific physical processes so that the input par

are related to definite physical quantities, with predictable effects on the results when they 

varied. For example, increasing the heat conductivity results in delay between shock arriva

runaway reaction or it may prevent it altogether.

This model may be used for two component composite explosives. If the mass fraction  

Card 14 is less than 1.0, DYNA2D will expect Card 14 to be followed by 5 more cards descri

the second component in exactly the same way as in Cards 10 through 14. Thus, it will requ

cards to model a two-component composite explosive.

The two reacting explosives decompose with independent reaction rates, but will remain in

pressure equilibrium within each element. At presentit is assumed that the most sensitive

component is described by the first five cards. Once the first component starts reacting it will ignit

the second component. One can therefore make Card 17 a duplicate of Card 12. The same g

Cards 13 and 18 except the heat of detonation must have the appropriate value for the sec

explosive.

f m1
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Equation-of-State Form 13 (Pressure vs. Time via Load Curve)

1-10 Load curve defining pressure as a function of time, E1

This is a special purpose equation-of-state wherein the pressure in a material is specifieda priori

as a function of time. Thus, this is not a true equation-of-state in the traditional sense since th

sure in the material does not depend on its deformation history. This model has been found

for simplified models of reacting fluids and in other special modeling circumstances.

Columns Quantity Format

LC
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Equation-of-State Form 14 (JWLB)

1-10 Card 10 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 11 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 12 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 13 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

1-10 Card 14 E10.0

11-20 E10.0

21-30 E10.0

31-40 E10.0

41-50 E10.0

Columns Quantity Format

A1

A2

A3

A4

A5

R1

R2

R3

R4

R5

Aλ1

Aλ2

Aλ3

Aλ4

Aλ5

Bλ1

Bλ2

Bλ3

Bλ4

Bλ5

Rλ1

Rλ2

Rλ3

Rλ4

Rλ5
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1-10 Card 15 E10.0

11-20 E10.0

21-30 Initial internal energy per unit initial volume, E10.

This equation-of-state was recently developed by Baker (1991) and is further described in (B

and Orosz, 1991). This equation of state was developed to adequately describe the high p

regime produced by overdriven detonation while retaining the low pressure expansion behav

quired for standard acceleration modeling. The derived form of the equation of state is bas

the Jones-Wilkins-Lee (JWL) form due to its computational robustness and asymptotic app

to an ideal gas at high expansions. Additional exponential terms and a variable Gruneisen 

eter have been added to adequately describe the high pressure region above the Chapman-

state. The resulting Jones-Wilkens-Lee-Baker (JWLB) equation of state is

(246)

where

. (247)

In the above,  is relative volume,  is energy per unit initial volume, and , , , ,

, and  are material constants.

Values for the material constants for octol 75/25 are given in (Baker and Orosz, 1991).

Columns Quantity Format

C

ω

E0

p Ai 1 λ
RiV
---------– e RiV–

i 1=

5

∑ λE
V
------- C 1 λ

ω
----–Ł łV ω 1+( )–+ +=

λ Aλ iV Bλ i+( )e Rλ iV–

i 1=

5

∑ ω+=

V E Ai Ri Aλ i Bλ i Rλ i

C ω
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4.3 NODES

1-5 Node number,n I5

6-10 Boundary condition code, BCC F5.0
EQ.0.0:  no constraint
EQ.1.0: -constraint
EQ.2.0: -constraint
EQ.3.0:  and  constraints
If BCC is not any of the above, it is assumed to be the angle in degrees
between the positive -axis and the direction of the motion along a sliding
boundary (see Figure 14). The angle is measured in a counterclockwise
direction.

11-20  or -coordinate E10.0

21-30 -coordinate E10.0

31-35 Generation interval KN I5
EQ.0:  default set to 1

Node cards do not need to be in order. However, the first card must contain the first node, a

last card must contain the highest node number. Cards containing intermediate node numbe

be omitted (in this case, fewer than NUMNP nodes are specified) and their data is internall

generated as follows. Node numbers are generated according to the sequence ni, ni + KN, ni +

2KN,...,nj whereni andnj are the nodal numbers defined on the two consecutive cards, and K

taken from the first consecutive card. Linear interpolation is used to obtain the coordinate o

generated nodes and the nodal temperatures. The boundary condition code of generated da

to zero whenever BCCi ≠ BCCj; otherwise, it is assumed to be the same. Unconstrained nodes

be generated between constrained nodes that have the same boundary condition by makin

code on the second card (nodenj) negative. After the data is generated the code is reset.

Card 1Cards 1,2,...,NUMNP

Columns Quantity Format

r
z
r z

r

r y

z
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Figure 14
Roller boundary condition that is obtained if BCCi is not equal to 0, 1, 2, or 3.

BCCi

y

z
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4.4 ELEMENTS

Define one card for each element.

1-5 Element number I5

6-10 Node I5

11-15 Node I5

16-20 Node I5

21-25 Node I5

26-30 Material number, I5
EQ.0:  element is deleted

31-35 Generation increment, KN I5

36-45 Material dependent parameter: E10
MT.EQ.2: angle  in degrees
MT.EQ.(8 or 9).and.IHE.EQ.1: input 1.0 if element is lit at time zero
MT.EQ.(8 or 9).and.IHE.EQ.3: input lighting time for this element
MT.EQ.(10, 11, 12, 15, 16, or 22): initial internal energy

per unit radian (axisymmetric) or per unit thickness (plane strain)
MT.EQ.(26): initial relative volume (default=1.0)

Element cards must be in order. The first card must contain data for the first element and th

card must contain the data for the highest element number. Cards containing intermediate e

data may be omitted (in this case, fewer than NUMEL sets of cards are specified), and the

elements will be generated internally. Connecting node numbersnj are generated with respect to th

first card prior to omitted data by

(248)

Element attributes, such as material number, are taken from this first card. The convention

numbering nodes is shown in Figure 15, wheren1, n2, n3, andn4 are global node numbers. Trian-

gular elements are defined by replacingn4 by n3.

Card 1Cards 1,2,...,NUMEL

Columns Quantity Format

n1

n2

n3

n4

MT

Ψ

nj
i 1+ nj

i KN+=
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The angle for orthotropic materials (Material Type 2) is defined in section 4.2 on page 51.

option allows a unique material orientation to be defined for every element.

Note that the initial internal energy may be specified for all hydrodynamic material models ex

material types 8 and 9. If a nonzero initial internal energy is specified, it should be energy pe

radian for axisymmetric problems and energy per unit thickness for plane strain problems.

Figure 15
Two-dimensional plane strain and axisymmetric

elements available in DYNA2D.

n2

n3

n4

n1

n3

n1

n2

Ψ
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4.5 HIGH EXPLOSIVE PROGRAMMED BURN

Skip this section if  on Control Card 7 is not equal to 2. Four programmed burn options

available: the multiple point detonation, the line detonation, the Huygen detonation, and a la

explosives option.

1-5 Programmed burn type, I5
EQ.0: multiple point detonation
EQ.1: line detonation
EQ.2: Huygens detonation
EQ.3: Layered high explosives

6-10 Number of detonation points, I5
.EQ.0:  is the number of detonation points (nodes)
.EQ.1:  is the number of points in detonation line
.EQ.2:  is the number of detonation points
.EQ.3:  is the number of layers of explosive

For point detonation,

Repeat the following card  times:

1-5 Node number at detonation point I5

6-15 Lighting time E10.0
EQ.0.0: if

16-20 Material number of HE to be lit I5
EQ.0: The possibility of all HE elements being lit by this

point is considered.

IHE

Card 1Card 1

Columns Quantity Format

IBTYP

NUMPTS
IBTYP NUMPTS
IBTYP NUMPTS
IBTYP NUMPTS
IBTYP NUMPTS

IBTYP 0=

NUMPTS

Card 1Cards 2, . . ., NUMPTS

Columns Quantity Format

IBTYP 1=
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For line detonation, :

Repeat the following card times to input nodes defining the detonation li

Note that at least two points are required, and that detonation lines always light at time zer

1-5 Node number defining detonation line I5

For Huygen’s detonation, :

Repeat the following set of cards  times to input  detonation points for

Hugyens burn.

1-5 Node number at detonation point I5

6-15 Lighting time for this node E10.0

16-20 Material number of HE to be lit I5
EQ.0: The possibility of all HE elements being lit by this

point is considered.

21-30 Detonation velocity outside shadowed HE, E10

31-40 Detonation velocity inside shadowed HE, E10

IBTYP 1=

NUMPTS NUMPTS

Card 1Cards 2, . . . , NUMPTS

Columns Quantity Format

IBTYP 2=

NUMPTS NUMPTS

Card 1Card 2

Columns Quantity Format

Dus

Ds
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1-5 Number of nodes defining shadow boundary, I5

Repeat the following card  times to define a shadow boundary by  nodes.

1-5 Shadow surface point number I5

6-10 Node number I5

For layered explosives, :

Input the following set of cards.

1-5 Maximum number of points in any detonation line, I5

Repeat the following set of cards times to input detonation lines for laye

explosives.

Card 1Card 3

Columns Quantity Format

NPSS

NPSS NPSS

Card 1Cards 4, . . . , 3+NPSS

Columns Quantity Format

IBTYP 3=

Card 1Card 2

Columns Quantity Format

MAXPTS

NUMPTS NUMPTS
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1-5 Number of nodes defining this detonation line, I5
.EQ.1: point detonation in this layer
.GT.1: line detonation in this layer

6-10 Material number lit by this detonation line (required) I5

11-20 Detonation time for this line E10.0

Repeat the following card  times to define this detonation point or line.

1-5 Detonation line point number I5

6-10 Node number defining detonation line or point I5

Explosive materials in DYNA2D are defined by Material Type 8 (see section 4.2 on page 51) a

with an appropriate equation of state. During DYNA2D initialization, the lighting time of eac

element is computed using the selected programmed burn algorithm.

Point detonation is illustrated in Figure 16. The lighting time for an element is computed b

on the distance from the center of the element to the nearest detonation point , the deton

velocity , and the lighting time of that detonation point , using

. (249)

The use of line detonation is illustrated in Figure 17. A line detonation must be defined by at

two points, and nodes that define a detonation line must be given in the order in which they a

as one moves along the line. The lighting time of each element is computed based on the di

from the centroid of the element to the nearest point on the detonation line, , the detonat

velocity , using

Card 1Card 3

Columns Quantity Format

LPTS

LPTS

Card 1Cards 4, . . . , LPTS+3

Columns Quantity Format

tL

ld
D tdet

tL tdet

ld
D
----+=

tL

lL
D
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The use of Huygens detonation is illustrated in Figure 18. In a Huygens detonation, a shad

boundary must be given for each detonation point. The first point on the shadow boundary m

closest to the detonation point or the detonation point itself. The shadow boundary points mu

tL

lL
D
----=

Detonation Points

Burn Fronts

Figure 16
Point detonation (IBTYP=0) for high explosive burn.

Figure 17
Lighting time computation for line detonation (IBTYP=1) of high explosive.

Detonation line

Burn paths
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defined in the order in which they are encountered as one moves along the boundary with 

explosive material on the left. Omitted data are automatically generated by incrementing the

numbers by:

(251)

where sni, snj are the shadow point numbers on two successive cards and ni and nj are their corre-

sponding node numbers.

As shown in Figure 19, the Huygen’s burn option calculates an element’s lighting time by assu

a detonation wave path from the initial lighting point to the first point of tangency of a line dra

from the detonation point to the shadow boundary. The path then follows the shadow boun

until it reaches the point of tangency of a line drawn from the target element to the shadow

boundary. From this second tangent point, the burn path is assumed to follow a straight line

target element. The ‘‘shadow area’’ is defined as the region which cannot be reached by a st

line from the detonation point without going outside the region. The element lighting time is

computed by

, (252)

ni nj–( )

sni snj–( )
-------------------------

Figure 18
Definition of shadow boundary for Huygen’s burn option.

Points of tangency

Detonation point

Shadow area

Shadow boundary

typical element

tL tdet

lus

Dus
--------

l s
Ds
------+ +=
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where is the lighting time of the target element, is the lighting time of the detonation po

 is the path length in the unshadowed region,  is the detonation wave velocity in the

unshadowed region,  is the path length in the shadowed region, and  is the detonation

velocity in the shadowed region.

The lighting time calculation for the Layered Explosive option is shown in Figure 20 for cas

involving either a line detonation or a point detonation within each layer. Each layer is comp

of a different material, and therefore may have a different detonation wave velocity. The lig

time for an element in a layer is computed as the sum of the burn time from the detonation po

line in that layer to the element centroid, plus the sum of the burn times from the first layer to

current layer. The burn paths are depicted by gray arrows in Figure 20. For the burn path beg

in layer , the detonation velocity is (i.e., detonation velocities for a burn path are based o

material in which that burn pathbegins). Clearly, each layer must contain at least one detonati

point or line, and detonation points and lines may be arbitrarily mixed within different layers of

same problem.

A good reference for the numerical modeling of explosives is found in (Mader, 1979), and an

ductory theoretical review is given in (Fickett, 1985).

tL tdet

lus Dus

ls Ds

Figure 19
Lighting time computation for Huygens burn option.

Points of tangency

Path used to calculate lighting time

j d j
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Figure 20
Lighting time calculation for layered explosives.

Material/Layer

1

2

3

4

Target element

Detonation
Points

Detonation
Lines

Burn paths
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4.6 NODE TIME HISTORY BLOCKS

Skip this section if the number of node time history blocks is zero on Control Card 6 of section

on page 37. Otherwise, input the number of cards required to define node time history blocks

eight blocks per card. There is no limit to the number of time history blocks or the total numbe

nodes.

1-5 First node of first time history block I5

6-10 Last node of first time history block I5

11-15 First node of second time history block I5

16-20 Last node of second time history block I5

 .          . .

 .          . .

 .          . .

 .          . .

Node time history blocks are used to define sets of nodes for inclusion in the time history p

database. Typically, the time interval between writes to this time history plot database is mu

smaller than the time interval between writes to the state plot database, which contains inform

for the complete analysis model at each plot time point (state). Thus, for the nodes included

time history plot database, much higher frequency resolution is possible in post-processing

history plots than is available in time history plots made from the state plot database. The p

databases are described in more detail in section 3.8 on page 34.

The time history plot database may be post-processed using ORION to generate time-histor

of nodal quantities such as displacement, velocity, or acceleration.

Columns Quantity Format
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4.7 ELEMENT TIME HISTORY BLOCKS

Skip this section if the number of element time history block is zero on Control Card 6 of sec

4.1 on page 37. Otherwise, input the number of cards required to define element time history b

with eight blocks per card. There is no limit to the number of element time history blocks or

total number of elements.

1-5 First element of first time history block I5

6-10 Last element of first time history block I5

11-15 First element of second time history block I5

16-20 Last element of second time history block I5

. . .

. . .

. . .

Element time history blocks are used to define sets of elements for inclusion in the time histor

database. The time history plot database is typically written at a much smaller time incremen

the state database, and therefore contains more high frequency response information. The

databases are described in more detail in section 3.8 on page 34.

The time history plot database may be post-processed using ORION to generate time-histor

of element quantities such as stress or strain.

Columns Quantity Format
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4.8 LOAD CURVES

Define the number of load curves specified on Control Card 2 in section 4.1 on page 37. Repe

following card set for each load curve.

1-5 Load curve number I5

6-10 Number of points in this load curve, I5

11-20 Scale factor on time points,  (default=1.0) E10

21-30 Scale factor on function values,  (default=1.0) E10

31-35 Load curve option, I5
EQ.0: load curve used in transient dynamic analysis only
EQ.1: load curve used in dynamic relaxation solution

but not in transient dynamic analysis
EQ.2: load curve used in both dynamic relaxation solution

and transient analysis. Separate portions of the
curve may be optionally specified for the dynamic
relaxation solution and transient dynamic analysis.

1-10 Time, , or independent variable, E10

11-20 Load value, , or function value, E10.

Various options in DYNA2D use load curves to define arbitrary functional relationships. Ma

loads and boundary conditions are functions of time, and for these options, the specified load

should relate load (or boundary condition) value to time . Some material models requir

specification of load curves defining the variation of material parameters with temperatu

Other models require the specification of load curves defining effective stress  as a fun

of effective plastic strain or other material variable, .

Card 2Card 1

Columns Quantity Format

NPTS

TSCL

FSCL

LCOPT

Card 2Cards 2, . . . ,NPTS+1

Columns Quantity Format

t x

f t() f x( )

f t() t

f x( ) x

f x( )

x
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If  is input as nonzero, then all time (or independent variable) values are replaced by

*  (or * ). Similarly, if  is input as nonzero, then all load values (or functio

values) are replaced by * (or * ). These scale factors are useful for avoid

redefinition of a large number of points in a load curve if some minor change in units is des

for example.

Load curve option 2 permits either: 1) a single load curve to be specified and used for both

dynamic relaxation solution and transient analysis, or 2) two distant load curve regimes, com

and referenced by a single load curve number, to be specified. In the later case, the first re

used only during the dynamic relaxation solution while the second regime is used only durin

transient analysis. This option is extremely useful when initializing loads that can be only spec

with one load curve number.

Based upon the  and  or  and  pairs entered, DYNA2D automatically determine

one or two load curve regimes are being defined for load curve option 2. The single load cu

defined by entering all the  and  or  and  pairs in ascending  or  order. The d

load curve is defined by entering all the and or and pairs for the dynamic relaxa

regime first followed by all the and or and pairs for the transient analysis regim

All or values must be listed in ascending order, and the last or value in the dynamic r

ation curve must be larger than the first or value in the transient analysis curve. The numb

points in the load curve is the total number of points used in both regimes.

There is no limit on the number of load curves, or on the number of points in a load curve defin

DYNAMIC RELAXATION STATIC ANALYSIS

DYNA2D contains a limited capability for performing quasistatic analysis using a dynamic re

ation algorithm. This feature is primarily intended to be used to generate a static stress solut

an initial condition for a transient dynamic analysis, but it has been applied with some succ

the solution of more general static problems.

During the DR static solution process, ‘‘time’’ is really just a parameter to describe the solu

process, and does not correspond to physical time.The current implementation uses a DR tim

equal to the standard dynamic time step. Thus, if it is desired to slowly apply the static load

minimize overshoot in the solution, then a short trial dynamic run can be made to determin

TSCL

TSCL t TSCL x FSCL

FSCL f t() FSCL f x( )

t f t() x f x( )

t f t() x f x( ) t x

t f t() x f x( )

t f t() x f x( )

t x t x

t x
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time step size. The static loads to be applied during the DR solution can then be applied over

number of time steps (typically 5000-10,000 but problem dependent), and this determines th

points to be used on the load curve controlling the static loads.

The current implementation of DR in DYNA2D is susceptable to dynamic overshoot if static lo

are applied too quickly. If only history-independent material models (such as elasticity) are 

then the resulting solution will still be correct and this overshoot behavior is of little conseque

If history-dependent material models (such as plasticity) are used, however, this dynamic ove

can cause yielding which is erroneous, and therefore an incorrect static solution is obtained.

the DR static solution capability can be used with confidence for elastic initialization, but mus

carefully used with slowly applied loads to prevent overshoot and inaccuracy in history-depen

static problems.

A DR static solution is activated by specifying the “load curve option”  for a loa

curve to control the application of the static loads. The dynamic relaxation factor, the DR time

and the DR convergence tolerance can be modified from default values in the control cards

LCOPT 1=
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4.9 NODAL FORCES AND FOLLOWER FORCES

Define the number of concentrated nodal loads specified on Control Card 2 in section 4.1 on

37.

1-5 Node number, , on which this load acts I5

6-10 Direction in which load acts I5
EQ.1:  and IFW.EQ.0:  or -direction
EQ.2:  and IFW.EQ.0: -direction
EQ.n:  and IFW.EQ.1:n is a node number that defines a line beginning
atm and ending atn.  The force is perpendicular to the line, and points
to the right as one moves along the surface fromn to m.

11-15 Load curve number for force vs. time I5

16-25 Load curve multiplier E10.0
EQ.0.0:  default set to 1.0

26-30 Follower force flag, IFW I5
EQ.0:  concentrated force acts in either - or -direction
EQ.1:  follower force is defined

For axisymmetric geometries, the force is defined per unit radian; in plane strain, per unit thick

Nodal loads and follower forces may be imposed as a prescribed function of time. The time

variation is taken from a load curve, and may be arbitrarily scaled in the nodal load or follow

force definition.

A follower force remains perpendicular to the line from node  to node  throughout the de

mation.

Columns Quantity Format

m1

r y
z

r z

n m
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4.10 PRESSURE AND SHEAR LOADS

Define the number of element pressure and shear cards specified on Control Card 2 in sect

on page 37.

1-5 Card number I5
EQ.0:   the preceding card number is incremented by one

6-10 Load curve number for pressure or shear vs. time I5
EQ.0: Brode function is used to determine pressure time history
EQ -1: HE function is used to determine pressure time history

11-15 Node I5

16-20 Node I5

21-30 Multiplier of load curve at E10.0
EQ.0.0:   default set to 1.0

31-40 Multiplier of load curve at E10.0
EQ.0.0:   default set to 1.0

41-50 Arrival time of load on the surface E10.

51-55 Generation interval, KN I5
EQ.0:   default set to 1

56-60 Loading type flag I5
EQ.0:   pressure
EQ.1:   shear

Each card defines a segment (element side) on which a pressure or shear load (traction) is a

Segments are specified by nodes and as shown in Figure 21. These nodes should be

in counterclockwise order. Pressure and shear cards must be defined in sequence. Nodesnj for

omitted cards (in this case, fewer than NPSL cards are specified) are generated with respec

first card prior to the omitted data as

(253)

The start times and multipliers are taken from this first card. Equivalent nodal loads are calcu

by numerically integrating the tractions along the surface. Traction loads are always evalua

the current geometry.

Columns Quantity Format

n1

n2

n1

n2

n1 n2

nj
i 1+ nj

i KN+=
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If the load curve number is input as a negative value, then the pressure time history to be a

is computed from the Brode function data given in section 4.21 on page 208. The time-of-a

of the pressure is then computed based on the distance from the Brode origin to the centroid

element face receiving the pressure loading.

Figure 21
Definition of n1 and n2 for the application of traction boundary conditions.

n1 n2

n1 n2
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4.11 PRESCRIBED VELOCITIES

Define the number of cards specified on Control Card 2 in section 4.1 on page 37.

1-5 Node number to which this velocity is applied I5

6-10 Load curve number for prescribed velocity vs. time I5
11-15 Direction in which the prescribed velocity acts E5.

EQ.1.0:  or -direction
EQ.2.0: -direction
NE.1.0 and NE.2.0: the angle , in degrees, counterclockwise between

the -axis and the direction of the prescribed velocity vector

16-25 Scale factor E10.0

Nodal velocities may be imposed as a prescribed function of time. The time variation is taken

a load curve, and may be arbitrarily scaled in the prescribed velocity definition. This is conve

when many nodes have the same velocity or acceleration time history but different amplitud

since only one load curve needs to be defined in that case. Nodal velocities may be specifie

respect to the global axes, or in an arbitrary direction specified by an angle measured coun

clockwise from the -axis.

Columns Quantity Format

r y
z

θ
r

r

Figure 22
Prescribed velocities applied in an arbitrary direction.

q

r

z

v
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It is not required that velocities be initially zero. However, if zero velocity initial conditions a

specified in section 4.15 on page 194 and prescribed velocity load curves are not zero at

then a discontinuity in initial conditions is created, and this may excite very high frequency

response in the model.

t 0=
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4.12 PRESCRIBED BASE ACCELERATIONS

Define nonzero base acceleration loads as specified on Control Card 2 in section 4.1 on pa

Y-Direction Base Acceleration

Define this card only if a nonzero -direction base acceleration is specified on Control Card

1-5 Load curve number giving time variation I5

6-15 Scale factor on -acceleration E10
EQ.0.0: default set to ‘‘1.0’’

R-direction base acceleration loading isonly available for plane strain geometries.

Z-Direction Base Acceleration

Define this card only if a nonzero -direction base acceleration is specified on Control Card

1-5 Load curve number giving time variation I5

6-15 Scale factor on -acceleration E10
EQ.0.0: default set to ‘‘1.0’’

Translational base accelerations allow body force loads to be imposed on a structure. Concep

base acceleration may be thought of as accelerating the coordinate system in the direction

specified, and thus the inertial loads acting on the model are of opposite sign. For example

cylinder were fixed to the  plane and extended in the positive  direction, then a posit

direction base acceleration would tend to shorten the cylinder.

y

Columns Quantity Format

y

z

Columns Quantity Format

z

z 0= z z
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4.13 PRESCRIBED ANGULAR VELOCITIES

Define a nonzero angular velocity about the global -axis as specified on Control Card 2 in se

4.1 on page 37.

1-5 Load curve number giving angular velocity vs. time I5

6-15 Scale factor on angular velocity (default = 1.0) E10

Note that this option applies to axisymmetric geometries only.

Body force loads due to the angular velocity are always calculated with respect to the defo

configuration, and act radially outward from the axis of rotation. Torsional effects arising fro

changes in angular velocity are not included. Angular velocity is assumed to have the units

radians per unit time.

The body force density  at a point  in the body is calculated from

, (254)

where  is the mass density,  is the angular velocity, and  is a position vector from the o

to point . Note that although the angular velocity may vary with time, the effects of angular a

eration are not included in this formulation.

This feature is useful for studying transient deformations of axisymmetric objects which are

spinning about their axis of symmetry.

z

Columns Quantity Format

b P

b ρ w w r××( )=

ρ w r

P
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4.14 NODAL CONSTRAINTS

Define the number of nodal constraint sets specified on Control Card 7 in section 4.1 on pa

1-5 Number of nodes that share degrees-of-freedom, I5

6-10 Degrees-of-freedom in common, I5
EQ.1:  or  degree-of-freedom
EQ.2:  degree-of-freedom
EQ.3:  (or ) and  degrees-of-freedom

1-5 Node number of first node to be tied I5

6-10 Node number of second node to be tied I5

11-15 Node number of third node to be tied I5

       . . .

       . . .

       . . .

Continue on additional cards in the same format until  nodes have been specified.

Nodal constraints allow sets of nodes to share a common degree-of-freedom. Any number of

may be included in a nodal constraint set.

Card 2Card 1

Columns Quantity Format

Nc

IDOF
r y
z
r y z

Card 2Cards 2, . . .

Columns Quantity Format

Nc
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4.15 NONREFLECTING BOUNDARIES

Define the number of nonreflecting boundaries specified on Control Card 3 in section 4.1 on

37.

1-5 Number of boundary nodes, I5

1-5 Boundary point number I5
EQ.0: increment last value by 1

6-10 Node number I5

A nonreflecting boundary must be defined by at least two points. Node numbers must be giv

the order in which they appear as one moves along the boundary. Omitted data are automa

generated by incrementing the node numbers by:

(255)

where bni , bnj are the boundary point numbers on two successive cards and ni , nj are their corre-

sponding numbers.

Nonreflecting boundaries are used on the exterior boundaries of an analysis model of an in

domain, such as a half-space, to prevent artificial stress wave reflections generated at the 

boundaries from reentering the model and contaminating the results. Internally, DYNA2D

Card 2Card 1

Columns Quantity Format

NBNS

Card 2Cards 2, . . . ,NBNS+1

Columns Quantity Format

ni nj–( )

bni bnj–( )
---------------------------
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computes an impedance matching function for all nonreflecting boundary segments based

assumption oflinear material behavior. Thus, the finite element mesh should be constructed so t

all significant nonlinear behavior is contained within the discrete analysis model.
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4.16 INITIAL CONDITIONS

Define these cards if the initial condition flag is nonzero on Control Card 3 in section 4.1 on

37.

1-5 Node number I5

6-15 Initial velocity in  or -direction E10.0

16-25 Initial velocity in -direction E10.0

26-30 Node number increment, I5
EQ.0: default set to “1”

Nodal velocity initial conditions are defined in this section. Initial velocities must be input for

first node, node 1, and the last node, , if the initial condition flag on Control Card 3

nonzero. Initial velocities for intermediate nodes may be input directly, or may be generated

nally using a node number increment . Linear interpolation between specified values is us

define initial velocities for omitted nodes.

If prescribed nodal velocities (section 4.11 on page 189) are also present in the model, care

be taken to ensure that the given initial velocity agrees with the prescribed nodal velocity at

Card 2Cards 1, . . .

Columns Quantity Format

r y

z

k

NUMNP

k

t 0=
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4.17 RIGID WALLS

Define the number of rigid walls specified on Control Card 3 in section 4.1 on page 37. Repe

following set of cards for each rigid wall definition.

1-5 Number of slave nodes I5

6-15  or -coordinate of point P (must be on rigid wall) (see Figure 23) E1

16-25 -coordinate of point P E10.0

26-35  or -coordinate of point Q E10.0

36-45 -coordinate of point Q E10.0

Repeat the following cards for each definition:

1-5 Slave number I5

6-10 Node number I5

Omitted slave nodes are automatically generated by incrementing the node numbers by

(256)

where sni and snj are slave numbers on two successive cards and ni and nj are their corresponding

node numbers.

Card 2Card 1

Columns Quantity Format

r y

z

r y

z

Card 2Card 2, . . .

Columns Quantity Format

ni nj–( )

sni snj–( )
-------------------------
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A rigid wall is a flat surface defined by a normal vector , which extends to infinity. The nor

vector is defined from a point P on the surface of the rigid wall to a point Q in space, and must

towards the impacting body. The impacting body is defined by listing nodes which are not

permitted to penetrate the rigid wall. Nodes which arenot listed as slave nodes may penetrate th

wall without resistance.

Rigid walls are an inexpensive method for modeling unilateral contact (i.e., contact betwee

deforming body and a rigid body) when the target surface is planar. The rigid wall feature e

nates the need to discretize the rigid surface and then define a slideline between the rigid s

and the impacting body.

n

Figure 23
Definition of a rigid wall.

P Q
n Impacting body
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4.18 SLIDING INTERFACE DEFINITIONS

Define  slidelines as specified on Control Card 4 in 4.1. Define all  Slideline

Control Cards first, then define slave and master segment cards as needed.

1-5 Number of slave nodes in slideline, I5

6-10 Number of master nodes in slideline, I5

11-15 Slideline type number, I5
EQ.1: sliding only
EQ.2: tied
EQ.3: sliding with separation and no friction
EQ.4: sliding with separation and friction (penalty formulation)
EQ.5: sliding with separation and no friction (penalty formulation)
EQ.6: single surface contact ( ) (penalty formulation)

16-25 Tolerance for determining initial gaps, E10
EQ.0.0: set to

26-35 Angle in degrees of slideline extension at first master node, E
EQ.0.0: extension remains tangent to first master segment

36-45 Angle in degrees of slideline extension at last master node, E
EQ.0.0: extension remains tangent to last master segment

46-55 Scale factor on default penalty stiffness E10
EQ.0.0: default set to 0.10

56-60 Slideline extension bypass option I5
EQ.1: slideline extensions are not used

Slideline extensions apply only to the distributed parameter slidelines ( .EQ.1, 2, or 3). An

and are measured counterclockwise from the -axis and remain constant (i.e., do not c

during deformation). If and  are zero, the extensions are made tangent to the first and

master segments and remain so throughout the calculation. The force exerted by a slave nod

on an extension of the master node at the origin of the extension diminishes to zero as the

node moves away a distance equal to the length of one slave segment.

NUMSI NUMSI

Card 2Cards 1, . . . , NUMSI

Columns Quantity Format

NSN

NMN

ISLT

NMN 0=

SLFAC
SLFAC 0.001=

θ1

θ2

ISLT

θ1 θ2 r

θ1 θ2
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Define  sets of slave nodes and master nodes as specified on the Slideline Control

described above. For each slideline, define first the slave nodes, then the master nodes. Rep

pattern until slave nodes and master nodes are defined for all  sliding interfaces.

SLAVE NODES

Define the slave surface using the followingslave node cards.

1-72 Title card for slideline ( .NE.4 only) 12A6

1-10 Static coefficient of friction,  ( .EQ.4 only) E10.

11-20 Dynamic coefficient of friction,  ( .EQ.4 only) E10.

21-30 Exponential friction decay constant,  ( .EQ.4 only) E10

Repeat the following card as necessary to define  slave nodes.

1-5 Slave number I5

6-10 Node number I5

Omitted data are automatically generated by incrementing the node numbers by:

(257)

where sni, snj are the slave numbers on two successive cards and ni and nj are their correspo

numbers.

NUMSI

NUMSI

Card NUMSI+1

Columns Quantity Format

ISLT

µs ISLT

µk ISLT

β ISLT

NSN

Cards NUMSI+2, . . . , NUMSI+NSN

Columns Quantity Format

ni nj–( )

sni snj–( )
-------------------------
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MASTER NODES

Repeat the following card to define  master nodes, except that no master nodes are d

for single surface contact ( ).

1-5 Master number I5

6-10 Node number I5

Sliding interfaces are described by defining one slave surface and one master surface. Each

the slideline is then described as a list of nodes given in the order in which they appear as one

along the surface.The slave surface must be to the left of the master surface as one moves 

the master surface, encountering the master nodes in the order they are defined.

NMN

ISLT 6=

Cards NUMSI+NSN+2,...,NUMSI+NSN+NMN

Columns Quantity Format

Figure 24
Definition of slideline slave and master surfaces.

Slave Surface Master Surface

n1
M

nNMN
M

n1
S

nNSN
S
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SLIDING INTERFACE TYPES

Thesliding only (type 1) slideline is a two-surface method based on a kinematic formulation.

two surfaces are allowed to slide arbitrarily large distances without friction, but are not perm

to separate or interpenetrate. Surfaces should be initially in contact when type 1 slidelines are

This option performs well when extremely high interface pressures are present. The more co

meshed surface should be chosen as the master surface for best performance.

Thetied (type 2) slideline is not really a slideline at all, but is a feature for joining two parts 

mesh with differing mesh refinement. This is also a kinematic formulation, so the more coa

meshed surface should be chosen as the master surface.

The sliding with separation (type 3) slideline is a kinematic formulation without friction which

permits the two surfaces to separate if tensile forces develop across the interface.

The sliding with separation (penalty formulation) (types 4 and 5) slidelines are the most

generally applicable option. This implementation is a penalty formulation, so the designatio

master and slave surfaces is not important. These slideline options allow two bodies to be 

initially separate or in contact. Large relative motions are permitted, and friction is included

Slideline Type 4. Surfaces may separate and come together in a completely arbitrary fashi

A rate-dependent Coulomb friction model is used in DYNA2D. The coefficient of friction is giv

by

, (258)

where  and  are the static and kinetic friction coefficients,  is a transition coefficient

governing the rate of change from static friction to kinetic friction, and is the relative veloc

between the two sliding surfaces. Note that if and , then a rate-independent fric

model is recovered with .

Thesingle surface contact(type 6) slide surface is a penalty formulation used for modeling t

portions of the same body which may come into contact. This situation often arises in buck

problems, where one surface develops folds and comes into contact with itself. Frictional s

is permitted between surfaces in contact. Due to the complexity of this algorithm, it is slightly m

expensive than the other slide surface options, and therefore should only be used where nec

Note that no master surface is defined for single surface contact.

µ µk µs µk–( )e βvrel–+=

µs µk β
vrel

µk 0= β 0=

µ µs=
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Using Kinematic Formulation Slidelines

The kinematic slidelines in DYNA2D offer advantages over penalty method slidelines in som

situations, but also are somewhat more complex to use. In the kinematic formulation, slave

are prevented from penetrating master segments, but master nodes may penetrate slave s

without resistance. Thus, when defining slidelines, it is advantageous to define the most fin

meshed side as the slave side when kinematic slidelines are used.

The lack of symmetry in the kinematic formulation also motivates the concept of “slideline ex

sions.” Slideline extensions are continuations of the master surface of the slideline, and by d

are tangent (in the current deformed configuration) to the first and last segments in the ma

Figure 25
Example showing the use of slideline extensions for kinematic slidelines.

Slideline extensions

Master surface

slave node slides
around master
surface giving

With Extensions Without Extensions

bad solution

Compressive Loading

Slideline extensions
yield good solution.
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slideline. These extensions may be oriented differently with respect to the ends of the mas

slideline by specifying orientation angles in the slideline definition. The force exerted by a s

node lying on an extension of the master slideline diminishes to zero as the slave node move

a distance equal to the length of one slave segment. Simply described, slideline extensions

prevent slave nodes from “falling off” the edge of master surfaces which end on the edge of a

An example is shown in Figure 25.

Another important concept unique to kinematic slidelines is the slideline intersection. Slidel

intersections are described in section 4.19 on page 205.
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4.19 SLIDELINE INTERSECTIONS

Define the number of slideline intersections  as specified on Control Card 4 in sec

4.1 on page 37.

1-5 Number of slideline that is intersected I5

6-10 Number of slideline that intersects the above line I5

Whenever two slidelines cross such that one node is a slave node common to both slidelin

one node is a slave node to the first slideline and a master node to the second slideline, a sl

intersection should be defined. An example is shown in Figure 26. There must be one node

is a slave node common to both slidelines, and there must be one node which is a slave node

first slideline and is a master node to the second slideline.

Slideline intersections shouldonly be defined between kinematic formulation slidelines. Penalty

formulation slidelines automatically account for slideline intersections.

NUMSIN

Card 2Cards 1, . . . , NUMSIN

Columns Quantity Format

Figure 26
 Slideline intersection should be defined for kinematic formulation slidelines.

Slideline 2

Master
Slave

Slideline 1
Slave

Slideline 1
Master Slave node for

slideline 1, master
node for slideline 2

Slave node common
to both slidelines
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4.20 GRAVITY STRESS INITIALIZATION

Skip this section if the number of points in the density versus depth curve is zero on Control

7 of section 4.1 on page 37. Otherwise, supply  cards.

1-10 Gravitational acceleration E10.0

Define  cards giving the mass density as a function of depth.

1-10 Mass density, E10.0

11-20 Depth ( -coordinate), E10.0

Density vs. depth curves are often used to initialize hydrostatic stresses arising in a material

gravity acting on an overburden material. The hydrostatic pressure acting on a material poi

depth  is given by

, (259)

where  is pressure,  is depth at the top of the material to be initialized (usually

is the mass density at depth , and is the acceleration of gravity. This integral is evalu

numerically for each material to be initialized.

NUMDP 1+

Card 2Card 1

Columns Quantity Format

NUMDP

Cards 2, 3, . . . , NUMDP+1

Columns Quantity Format

ρ

z d

d0

p ρ z( )gdz

d0

dtop

∫–=

p dtop dtop 0=

ρ z( ) z g
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Depth is measured along the global coordinate -axis, and the sign convention of the globa

coordinate system should be respected. The sign convention of gravity also follows that of 

global coordinate system. For example, if the positive axis points “up,” then gravitational a

eration should be input as a negative number.

z

z
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4.21 BRODE FUNCTIONS

Skip this section if columns 21-25 are blank on Control Card 7 in section 4.1 on page 37.

Otherwise, enter two cards for the pertinent Brode function data.

1-10 Yield (Ktons) E10.0

11-20 Height of burst E10.0

21-30 DYNA2D -coordinate of Brode origin E10.0

31-40 DYNA2D -coordinate of Brode origin E10.0

41-50 DYNA2D -coordinate of Brode origin E10.0

51-60 Initiation time for Brode function E10.0

61-65 Optional load curve no. giving TOA shift vs. range, I5

66-70 Optional load curve no. giving yield vs. time for scaling calcs, I5

1-10 Conversion factor - ft to DYNA length units E10.

11-20 Conversion factor - ms to DYNA time units E10

21-30 Conversion factor - psi to DYNA pressure units E10

The Brode functions are internally written in units of feet, milliseconds, and psi. Default

conversion factors assume DYNA units are meters, seconds, Pascals. If other units are used

DYNA2D model appropriate unit conversion factors should be supplied.

The development and limitations of the equations underlying this option are given in (Speiche

Brode, 1987).

Card 2Card 1

Columns Quantity Format

x

y

z

LCTOA

LCYLD

Card 2Card 2

Columns Quantity Format
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4.22 DISCRETE SPRINGS, DAMPERS, AND MASSES

Define discrete springs, dampers, and masses in this section if on Control Card

section 4.1 on page 37. Discrete element input follows the general organization of the entir

DYNA2D input file: first a control card defines the number of discrete element materials, disc

elements, and lumped nodal masses. Next, each discrete element material is defined by a D

Element Material Control Card and a Discrete Element Material Data Card. Then, discrete

elements are defined on Discrete Element Data Cards, and discrete masses are specified on

Mass Data Cards.

First, define the Discrete Element Control Card:

1-5 Number of material definitions for discrete elements, I5

6-10 Number of discrete springs and dampers (discrete elements), I

11-15 Number of discrete masses, I5

Next, for each of the  discrete element materials, define the Discrete Element Mat

Control Card and the Discrete Element Material Data Card as described below.

The Discrete Element Material Control Card is defined as:

1-5 Discrete element material number ( ) I5

6-10 Discrete element material type: I5
EQ.1: linear elastic
EQ.2: linear viscous
EQ.3: isotropic elastoplastic
EQ.4: nonlinear elastic
EQ.5: nonlinear viscous

INPSD 1=

Card 2Card 1

Columns Quantity Format

NDMAT

NUMELD

NUMMAS

NDMAT

Card 2Cards 2, 4, 6, . . .

Columns Quantity Format

NDMAT≤
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The Discrete Element Material Data Card is defined as described below for each discrete el

material type.

Discrete Element Material Type 1: (Linear Elastic)

1-10 Elastic stiffness (spring constant),  (force/displ.) E10

Discrete Element Material Type 2: (Linear Viscous)

1-10 Damping constant (viscosity),  (force/velocity) E10

Discrete Element Material Type 3: (Isotropic Elastoplastic)

1-10 Elastic stiffness,  (force/displ.) E10.

11-20 Tangent stiffness,  (force/displ.) E10.

21-30 Yield,  (force) E10.0

Discrete Element Material Type 4: (Nonlinear Elastic)

1-10 Load curve number giving force vs. displacement curve E1

 Element Material Type 5: (Nonlinear Viscous)

1-10 Load curve number giving force vs. velocity curve E10

Card 2Cards 3, 5, 7, . . .

Columns Quantity Format

k

Columns Quantity Format

c

Columns Quantity Format

k

kT

FY

Columns Quantity Format

Columns Quantity Format
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Define  Discrete Element Data Cards as specified on the Discrete Element Cont

Card.

1-5 Discrete element number I5

6-10 First node, I5

11-15 Second node, I5

16-20 Discrete element material number I5

21-25 Generation increment, I5

26-35 Scale factor on computed force (default = 1.0) E1

Define  Lumped Mass Data Cards as specified on the Discrete Element Control 

1-5 Node number, I5

6-15 Mass E10.0

Lumped nodal masses are added to any existing mass at a node.

Discrete element forces are printed into the ‘‘hsp’’ file at the time history dump interval spec

in columns 1-10 on Control Card 6.

NUMELD

Cards 2+2*NDMAT, . . . , 1+2*NDMAT+NUMELD

Columns Quantity Format

n1

n2

k

NUMMAS

Cards 2+2*NDMAT+NUMELD, . . . , 1+2*NDMAT+NUMELD+NUMMAS

Columns Quantity Format
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Discrete elements (springs and dampers) and lumped nodal masses provide a convenient 

for imposing prescribed force-displacement relationships between two nodes. These feature

be used alone to allow DYNA2D to solve lumped parameter spring-mass-damper models, o

be used in combination with a finite element model to represent a complex system.
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4.23 ALE (ARBITRARY LAGRANGIAN EULERIAN) MATERIALS

Repeat the following set of three cards  times to activate ALE for  materials as

specified on Control Card 7 in section 4.1 on page 37. For each ALE material, first an ALE Co

Card is defined to select the desired algorithms and options for that material. Next, two ALE

Cards are defined to specify parameter values for the ALE algorithms. The basic assumpti

DYNA2D ALE is that each element contains only one material, yielding a so-called ‘‘simple AL

formulation. The applications of this option and other background works are discussed in se

2.14 on page 18.

ALE Control Card

1-5 DYNA2D material number (not material type) I5

6-10 Number of time steps between remap (default=1) I5

11-15 Material advection type I5
EQ.1: Donor cell
EQ.2: Quadratic interpolation
EQ.3: Modified quadratic interpolation (default)

16-20 Velocity advection type I5
EQ.1: Donor cell
EQ.2: Quadratic interpolation
EQ.3: Modified quadratic interpolation (default)

21-25 Remap weighting function I5
EQ.0: Volume (default)
EQ.1: Area

26-30 Boundary extrapolation option I5
EQ.0: No extrapolation (default)
EQ.1: Linear extrapolation

31-35 Mesh relaxation at initialization I5
EQ.0: No initial relaxation (default)
EQ.1: Mesh is relaxed at initialization

36-40 Unused at this time I5

NALE NALE

Card 2Card 1

Columns Quantity Format
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41-45 Number of merged materials (max of 16) I5

46-50 Boundary relaxation flag I5
EQ.0: Nodes on material boundary are not moved. (defalut)
EQ.1: Nodes on material boundary are moved
OR EZ does not know ??????????????????????????????????
EQ.1: Equal spacing
EQ.2: Normal projection from interior
EQ.3: R-constraint
EQ.4: Z-constraint
EQ.5: Equipotential (symmetric reflection)
EQ.6: Equipotential (antisymmetric reflection)
EQ.7: Proportional to interior

ALE Data Card 1

1-10 Stencil combination factor (default=0.0) E10
EQ.0: Purely equipotential relaxation
EQ.1: Purely serendipity stencil**** labeled as ‘bulk q switch’ ****

11-20 Remap scaling factor (default=1.0) E10

21-30 Angle criterion, degrees (default= ) E10

31-40 Area criterion (default=0.95) E10.0

41-50 ALE start time for this material E10.0

51-60 ALE end time for this material E10.0

61-70 Material death time E10.0

71-80 Volume Limit (not currently implemented) E10.

ALE Data Card 2

Card 2Card 2

Columns Quantity Format

80o

Card 2Card 3

Columns Quantity Format
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1-10 Minimum displacement increment for boundary node update E1

11-20 Maximum allowable boundary node displacement increment E

Define the fourth card only if the number of merged materials is greater than zero.

ALE Data Card 3

1-5 First merged material I5

6-10 Second merged material I5

. . .

. . .

. . .

76-80 Sixteenth merged material I5

ALE is activated in DYNA2D on a material basis. For each ALE material, the above set of t

cards define the desired algorithm and parameter value options.Only the material number on the

ALE Control Card is required; all other inputs may be specified as zero and thereby set to de

values.This ALE capability was originally developed by (Benson, 1986) but has received little

to date. The theoretical underpinnings of this work are described in (Benson, 1989). Develop

of this capability is continuing, and users are encouraged to experiment with nondefault param

and report their experiences.

The following sections describe each of the ALE options and parameters.

Number of Time Steps Between Remaps

Card 2Card 4

Columns Quantity Format
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By default, the ALE remap is performed every time step. A cost reduction can be achieved

performing the remap only every five to ten time steps, but the effect on accuracy is highly vari

Some problems actually work better with remapping performed only every five time steps, 

others exhibit severe accuracy degradation. Generally, the default is recommended as a st

point.

Advection Type

Advection is the actual remap phase of the automatic rezoning, or ALE, algorithm. It takes 

after the nodes have been moved and before the next time step.

Three options are available for performing the advection operation: donor cell, quadratic, a

modified quadratic. Donor cell advection assumes that all properties being remapped are co

over the element. This assumption is consistent with use of one-point integration in the ele

formulation, and yields a very stable advection method. Unfortunately, donor cell advection

tend to be quite dispersive and smooths out stress gradients more than the other methods. Qu

advection uses a parabola fitted over three adjacent elements to interpolate remapped qua

This method is formally second order accurate, but can be unstable, especially for problem

strong shocks. For example, a square stress pulse will eventually turn into an oscillating signa

this formulation. This method has been found to work reasonably well for problems that do

involve shocks, however. The modified-quadratic advection method uses quadratic interpol

whenever possible, but combines it with donor cell advection whenever the possibility of an

bility is detected. This combination method retains most of the advantages of the other two

methods while eliminating their weaknesses, and therefore should be used in almost all ca

Modified-quadratic advection is the default algorithm in DYNA2D.

Remap Weighting Function

Two remap weighting functions are available: volume weighting and area weighting. The vol

weighting function defines the quantity of a transport variable as its density multiplied by th

volume donated from one element to another. This volume approach is consistent with the ph

of the problem and with the Bubnov-Galerkin finite element formulation used for plane stra

problems in DYNA2D. The area weighting function defines the quantity of a transport variab

its density multiplied by the area fraction donated from one element to another. This area app
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is consistent with the Petrov-Galerkin finite element formulation used for axisymmetric probl

in DYNA2D. Volume weighting is the default remap weighting function, and seems to work w

for most problems.

Boundary Extrapolation Option

Interpolation error is often largest near the outer boundaries of a problem. This option is an e

imental approach to improving the accuracy of interpolation near the boundaries. By defau

option is not used, and it should only be activated for experimentation.

Initial Mesh Relaxation

This option smooths the mesh during initialization in DYNA2D. Although inactive by default, t

option can be useful for difficult meshes or to improve meshes generated by an automatic me

program.

Number of Merged Materials

This command activates necessary ALE features for the merged materials listed.

Boundary Relaxation Flag

This option controls nodal relaxation along all material boundaries associated with this defin

The individual options are described further detail in section 4.23 on page 213.

Stencil Combination Factor

Equipotential relaxation is used by default to smooth the mesh. Although this method is stabl

quite reliable, it does tend to smooth out grading in the mesh. The serendipity stencil has less

on mesh gradation, but can be unstable and invert an element during the smoothing proce

stencil combination factor allows a linear combination of equipotential relaxation and the se

dipity stencil to be used in the actual smoothing process. Due to its instability, the serendip

stencil should never be used alone, and the stencil combination factor should always be le

0.5.

Remap Scaling Factor
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The remap scaling factor allows the user to scale back the distance a node would be moved

chosen remap algorithm. The default value is 1.0, but this should be reduced if the serendi

stencil is used. A remap scaling factor greater than one is never recommended.

Remap Angle Criterion

If any of the element vertices surrounding a node forms an included angle less than the sp

value, then that node will be moved during the remap phase. The default remap angle crite

, but some results in some problems may be improved by reducing this value to  or

Remap Area Criterion

If the ratio of the minimum area to the maximum area of all elements connected to a node 

below the specified value, then that node will be moved during the remap phase. The defau

criterion is 0.7.

Remap Start and End Time

These values determine the starting and ending time of ALE operations on the current materia

default start time is the beginning of the analysis, and the default end time is the termination

specified for the analysis.

Material Death Time

The material death time is a material deletion time, after which all elements and slidelines

associated with the current material are deleted. By setting the number of time steps betwe

remaps to a very large number and specifying a material death time, a material can be automa

deleted without any ALE operations taking place. This option may be used to delete high-expl

materials.

Volume Limit

This control feature is not currently implemented.

Minimum boundary Increment

60o 30o 45o
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The minimum boundary displacement increment specifies how much a node, in a boundar

segment, must move before it is actually adjusted..

Maximum Boundary Increment

The maximum boundary displacement increment limits how much incremental displacmen

permited for nodes in boundary segments. This option is useful in limiting movement of boun

nodes.
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4.24 ALE BOUNDARY SEGMENTS

Repeat the following card times to define ALE boundary segments as specifie

Control Card 7 in section 4.1 on page 37. The applications of this option and other backgro

works are discussed in section 2.14 on page 18.

ALE Boundary Segment Card

1-5 Beginning node number of boundary segment I5

6-10 Ending node number of boundary segment I5

11-15 Material number to which these nodes belong (**what if shared??**) I5

16-20 Boundary relaxation type I5
EQ.0: No relaxation (default)
EQ.1: Equal spacing
EQ.2: Normal projection from interior
EQ.3: R-constraint
EQ.4: Z-constraint
EQ.5: Equipotential (symmetric reflection)
EQ.6: Equipotential (antisymmetric reflection)
EQ.7: Proportional to interior

Nodal relaxation types can be specified for individual material boundary segments. This fea

overides the boundary relaxation type prescribed in section 4.23 on page 213 (I thinkkk), a

allows greater flexibilty, then the previous method, since the relexation type can uniquely de

for each material boundary segment. One boundary segment should be defined for each m

side when relaxation is desired. Node numbers defining the boundary segment should be sp

in a counterclockwise order.

Nodal movement along a boundary is conrolled by the boundary relaxation type. By defaul

boundary nodes are initially assigned to be type 0.

NABC NABC

Card 2Card 1

Columns Quantity Format
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4.25 AUTOMATIC CONTACT MATERIALS

Skip this section unless  on Control Card 4. Otherwise, define an automatic co

activity flag for all  materials in the model.

1-5 Material 1 automatic contact activity flag I5
EQ.0: material is not active for automatic contact
EQ.1: material is active for automatic contact

6-10 Material 2 automatic contact activity flag I5

. . .

. . .

. . .

76-80 Material 16 automatic contact activity flag I5

Repeat the above 16I5 format on additional cards as needed to specify an activity flag for a

 materials. Automatic contact is discussed in detail in section 2.12 on page 17.

IAUTO 1=

NUMMAT

Columns Quantity Format

NUMMAT
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5.0 RESTART INPUT FORMAT

The following sections describe the format of the DYNA2D restart input file. The procedure

initiating a DYNA2D restart analysis is described in section 3.5 on page 31.

The specification of a restart input file is optional when restarting an analysis which was termin

before the termination time specified in the initial input file. If no changes to the model or ana

parameters are desired, the restart may be initiated by omitting the restart input file and spec

only the restart dump file which contains the desired starting point data. DYNA2D will then res

execution and continue until the termination time specified in the original input file.

A restart input file is required when restarting a run which completed normally (to, for exam

increase the termination time), or when changes to the model or analysis parameters are des

restart input file may be used to:

• change the termination time,

• change the time interval between writes of time history plot data,

• change the time interval between writes of state plot data,

• delete slidelines,

• delete materials,

• delete elements,

• reset the time step scale factor.

If a restart input file is used, it should be specified along with the appropriate restart dump 

the DYNA2D command line used to initiate the restart.

All changes made at a restart will be reflected in all subsequent restart dumps.

If a restart is made using a complete DYNA2D input file with the remesh option, the resultin

familied files will be re-initialized (D2PLOT01, etc.) and a new sequence of files will be create

In all other cases, the familied files for the state plot database, time history database, and r

dump files will retain their original names (by default) and will continue with numbering accord

to the original sequence. This allows convenient plotting of the entire analysis results using

one family of plot database files.
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5.1 TITLE CARD

1-72 Heading or problem title 12A6

Card 2Card 1

Columns Quantity Format
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5.2 RESTART CONTROL

1-10 New termination time E10.0
EQ.0.0: termination time remains unchanged

11-20 New time interval between writes of printout or time history plot data E1
EQ.0.0: interval remains unchanged

21-30 New time interval between writes of state plot data E1
EQ.0.0: interval remains unchanged

31-35 Number of load curves to be redefined I5

36-40 Number of slidelines to be deleted I5

41-45 Number of element blocks to be deleted I5

46-50 Number of materials to be deleted I5

51-55 Number of slidelines to be redefined I5

56-60 Number of slideline intersections to be redefined I5

61-65 Number of materials to be redefined I5

66-70 Flag for resetting default viscosities, I5
EQ.1.0: new defaults are specified for redefined materials

71-80 New scale factor for computed time step size E1

Note that slidelines and materials to be deleted are simply listed, but elements to be delete

specified in blocks, or groups of elements. Groups are defined by giving the first and last num

of a consecutive sequence of elements to be deleted.

Card 2Card 2

Columns Quantity Format

IRQ
225



RESTART INPUT FORMAT DYNA2D User Manual

e

.0

0

nput.
5.3 LOAD CURVE REDEFINITIONS

Skip this section if there are no load curves to be redefined at restart. Otherwise, repeat th

following set of cards for each load curve to be redefined.

1-5 Load curve number to be redefined I5

1-10 Time, , or independent variable, E10

11-20 Load value, , or function value, E10.

Note: the number of points in a load curve may not change from that specified in the original i

Card 2Card 1

Columns Quantity Format

Card 2Card 2

Columns Quantity Format

t x

f t() f x( )
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5.4 DELETED SLIDELINES

Skip this section if there are no sliding interfaces to be deleted at restart.

1-5 Number of first slideline to be deleted I5

6-10 Number of second slideline to be deleted I5

. . .

. . .

. . .

. . .

Repeat this pattern on additional cards, using 16I5 format, until all deleted slidelines have b

listed.

Columns Quantity Format
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5.5 DELETED ELEMENT BLOCKS

Skip this section if there are no elements to be deleted at restart.

1-5 First element of first block to be deleted I5

6-10 Last element of first block to be deleted I5

11-15 First element of second block to be deleted I5

16-20 Last element of second block to be deleted I5

. . .

. . .

. . .

. . .

All elements with numbers between the first and last numbers of each block are deleted.

Columns Quantity Format
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5.6 DELETED MATERIALS

Skip this section if there are no materials to be deleted at restart.

1-5 Material number of first material to be deleted I5

6-10 Material number of second material to be deleted I5

11-15 Material number of third material to be deleted I5

. . .

. . .

. . .

When a material is deleted, all elements associated with that material are also deleted. Ther

limit to the number of materials which may be deleted. Deleting materials is a way of deleti

group of elements which all share the same material number, and may be more convenien

listing the elements individually if the element numbers are not contiguous.

Columns Quantity Format
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5.7 SLIDELINE REDEFINITIONS

Skip this section if there are no slidelines to be redefined at restart. Otherwise, the number o

lines to be redefined must be the total number of slidelines remaining in the problem after re

Thus, all remaining slidelines must be redefined whether or not their definitions are change

For the slidelines remaining in the problem, specify complete slideline input for the new definit

as described in section 4.18 on page 199. This approach allows great flexibility in changing

lines as the problem evolves. In most cases, much of this slideline redefinition input can be c

from the original DYNA2D input file.
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5.8 SLIDELINE INTERSECTION REDEFINITIONS

Skip this section if there are no slideline intersections to be redefined at restart. Otherwise,

number of slideline intersections to be redefined must be the total number of slideline interse

remaining in the problem after restart. Thus, all remaining slideline intersections must be rede

whether or not their definitions are changed.

For the slideline intersections remaining in the problem, specify complete input as defined 

section 4.19 on page 205. In most cases, much of this slideline intersection redefinition inp

be copied from the original DYNA2D input file.
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5.9 DEFAULT VISCOSITY RESET

Skip this section unless the number of materials to be redefined was nonzero and the flag 

resetting default viscosities, , was set to ‘‘1.0’’ on the Restart Control Card described in

section 5.2 on page 225.

1-5 Hourglass control method I5
EQ.0: default set to “1”
EQ.1: standard DYNA2D
EQ.2: rotational
EQ.3: Flanagan-Belytschko
EQ.4: Hancock
EQ.4: Hancock

6-15 Hourglass viscosity coefficient, QH (default = .1) E10
IHQ.EQ.1: QH  .15
IHQ.EQ.2: QH   .20
IHQ.EQ.3: QH   .40
IHQ.EQ.4: QH   .40

16-20 Bulk viscosity type, IBQ I5
EQ.0: default set to “1”
EQ.1: standard DYNA2D
EQ.2: Richards-Wilkins

21-30 Quadratic viscosity coefficients, Q1 (default = 1.5) E10

31-40 Linear viscosity coefficient, Q2 (default = .06) E10

41-45 Stress rate default reset I5
EQ.0: DYNA2D default stress rate for this material
EQ.1: Jaumann rate
EQ.2: Green-Nagdi rate

This option allows the user to reset the default values of the above parameters, and these 

defaults will be used for each redefined material when no values for these parameters are sp

on the Material Control Card. Any parameter value on the Material Control Card used to red

a material will override the values set on this card.

IRQ

Columns Quantity Format
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5.10 RESTART MATERIAL REDEFINITIONS

Skip this section if the number of materials to be redefined is zero. Otherwise, for each mate

be redefined, input one set of eight material cards in the format specified in section 4.2 on pa

This option can be used to change material parameters during restart. This option must be us

care to obtain physically meaningful results.
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6.0 REZONING AND ANALYSIS DISPLAY

The following sections describe the DYNA2D commands used for interactive rezoning, autom

rezoning via a command file, analysis display, and generating MAZE line definitions for

remeshing. Interactive rezoning is initiated by typing thesw5.  sense switch control during

program execution. The analyst is next prompted for a TMDS monitor or graphics device num

Commands can then be typed to study current results and rezone the mesh. Automatic rez

command files should contain similar command sequences, except that the TMDS monitor

graphics device numbershould not be included in the rezone command file. Analysis display

commands can be contained in a file or entered interactively as described in section 3.6 on pa

Commands for creating line definitions for MAZE (for remeshing) should be entered interacti

as described in section 3.7 on page 33.

6.1 LIST OF REZONING COMMANDS BY FUNCTION

Rezoning is performed by material. The following commands are useful, but do not in thems

rezone a material:

A, DEB, DMB, DSL, ELPLT, END, F, FR, FRAME, FSET, G, GRID, GSET, IP, MC, MD,

MN, NDPLT, NOFRAME, NOGRID, PLOTS, PLTI, PRIT,R,SC, SD, SETF, SN, T, TERM,

TR, TV, Z

Materials for which boundaries have been changed by theSC, SD, MC , andMD commands must

still be rezoned. Commands for rezoning a material (may be used with above commands) 

B, CN, M, S, TN, V

Commands that are available for adjusting boundary nodes following the‘‘B ’’ command are:

BD, BDS, ES, ESS, ER, ERS, EZ, EZS, SLN, SLNS, VS, VSS

The ‘‘B ’’ command should be used only if a material has been designated for rezoning with

‘‘M ’’ command.

6.2 LIST OF ANALYSIS DISPLAY COMMANDS

The following commands are available for the analysis display option:
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B, CONTOUR, F, FRINGE, FSET, FSON, G, GO, GRID, GS, GSET, IFD, IFN, IFP, IFS,

IFVA, IFVS, LINE, M, MNON, MOLP, NCOL, NDLF, NLOC, NOFRAME, NSDF, NSSDF,

NUMCON, O, PLDF, PRIN, PROFILE, RANGE, RPHA, RPVA, UZ, UZG, V, VECTOR,

VS, Z.

The command sequence must be terminated by the ‘‘f ’’ command. The picture generated by the

last display command will remain in the graphics window until the display is again refreshe

6.3 LIST OF COMMANDS FOR REMESHING GEOMETRY DEFINITION

When remeshing an analysis model the definition of the geometry for the new mesh must b

consistent with that of the old mesh. This consistency is achieved by defining the boundary o

mesh materials with MAZE using line definitions created while in the DYNA2D rezoner with

old mesh (for a complete description of this process see section 3.7 on page 33). TheLD andLDS

commands are used to generate line definitions, and these definitions are written to the MAZ

definition file (specified bym=mlf on the DYNA2D command line).

The following commands must be preceded by the M and B commands within the rezoner.

LD n k l Generate line definition n for MAZE that consists of boundar
from nodesk to l

LDS n l Generate line definitionn for MAZE that consists of sidel

6.4 COMMAND DEFINITIONS

HELP Enter HELP package and display all available commands.
Description of each command is available in the HELP packa

HELP/commandname Do not enter HELP package but print out the description on t
terminal of the command following the slash

PHP ans Print help package - Ifansequals 'y ' the package is printed in the
high speed printer file.

TV n Use TMDS with monitor numbern.

TV  -n1 n2 n3 Use color TMDS with monitor numbersn1, n2, andn3 for the
red, green, and blue channels, respectively. (LLNL only)

T or END Terminate.
238



DYNA2D User Manual COMMAND DEFINITIONS

ase.

call

nit

to

il

er

st

.

F Terminate interactive phase, remap, continue in execution ph

FR Terminate interactive phase, remap, write restart dump, and
exit.

Z r z Zoom in at point (r,z) with window

UZ a b Zoom in at point (a,b) with window wherea, b, and are
numbers between 0 and 1. The picture is assumed to lie in a u
square.

UZG Cover currently displayed picture with a 10 by 10 square grid
aid in zooming with the unity zoom,‘‘UZ ,’’ command.

FIX Set TMDS picture to its current window. This window is set unt
it is reset by the‘‘GSET ,’’ ‘‘ FSET,’’ or ‘‘ SETF’’ commands or
released by the‘‘UNFIX ’’ command.

UNFIX Release current TMDS window set by the‘‘FIX ,’’ ‘‘ GSET,’’
‘‘FSET ’’ or ‘‘ SETF’’ commands.

GSET r z Center TMDS pictures at point (r,z) with square window of
width . This window is set until it is reset or the ‘‘UNFIX ’’
command is typed.

FSET n ∆r ∆z Center TMDS pictures at noden with a rectangular∆r x ∆z
window.  This window is set until it is reset with or the
‘‘UNFIX ’’ command is typed.

SETF r z ∆r ∆z Center TMDS pictures at point (r,z) with a rectangular∆r x ∆z
window.  This window is set until it is reset or the‘‘UNFIX ’’
command is typed.

FR80filmtype Select FR80 camera. FR80 default filmtype is FICHE48. Oth
options include:  FICH48D, FICHE24, FICH24D, 35mm,
COLOR35, DICO35, P16mm, COLOR16, DICO16,
CSLIDE35, HARDCOPY, REPORT, VUGRAPH, and
VUGRAF11.  This command, if used, must precede the
‘‘PLOTS ’’ command. (LLNL only)

CLASS level Set classification level of FR80 output.  The default is
UNCLASS.  Other levels include:  PROGLEV, PARD, ADP,
CONFIDNT, SRD, and SYSTEM. This command, if used, mu
precede the‘‘PLOTS ’’ command. (LLNL only)

GIVE Give the FR80 file to the system for plotting upon termination
This command, if used, must precede the‘‘PLOTS ’’ command.
(LLNL only)

∆L ∆L

∆L ∆L ∆L

∆L
∆L
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PLOTS Create FR80 plotfile containing a record of the TMDS displa
(LLNL only)

C Comment - proceed to next line.

GRID Overlay displays with a grid of orthogonal lines.

NOGRID Do not overlay displays with a grid of orthogonal lines (defaul

G View mesh.

GS View mesh and solid fill elements to identify materials by col

GO View mesh right of centerline and outline left of centerline.

UG Display undeformed mesh.

RPVA Reflect mesh, contour, fringe, etc., plots about vertical axis.
Retyping‘‘RPVA ’’ turns this option off.

RPHA Reflect mesh, contour, fringe, etc., plots about horizontal ax
Retyping‘‘RPHA ’’ turns this option off.

FRAME Frame plots with a reference grid (default).

NOFRAME Do not plot a reference grid.

RJET n i Send a copy of the FR80 file to rjetn using plot formati where

i=1 gives a 5" plot

i=2 gives a 8" plot

i=3 gives a 10.5" plot

i=4 gives the largest possible plot.

If i is negative, the plot is sideways, rotated 90 degrees clockw
on the paper. Plots may be sent to either the 11 or 22 inch
plotters. (LLNL only)

RESO nx ny Set the x and y resolutions of DYNA2D plots tonx andny,
respectively. We default both nx and ny to 1024.

LOGO Put LLNL logo on all plots (default).  Retyping this command
removes the logo.

O Plot outlines of all material.

FSON Plot only free surfaces and slideline interfaces with‘‘O’’
command.  [Must be used before ‘‘O’’ command.]
240



DYNA2D User Manual COMMAND DEFINITIONS

 6.

nt

s

s
nd

y.

g

FSOFF Turn off the‘‘FSON ’’ command.

MNOFF Do not plot material numbers with the‘‘0 ’’, ‘‘ G’’, and ‘‘GO’’
commands (default).

MNON Plot material numbers with‘‘0 ’’, ‘‘ G’’, and ‘‘GO’’ commands.

CONTOUR c n m1 m2... mn Contour component numberconnmaterials including materials
m1, m2,..., mn. If n is zero, only the outline of materialm1 with
contours is plotted.  Component  numbers are given in Table

PRIN c n m1 m2... mn Plot lines of principal stress and strain in the yz plane onn
materials including materialsm1, m2,..., mn.  If n is zero, only
the outline of materialm1is plotted. The lines are plotted in the
principal stress and strain directions.  Permissible compone
numbers in Table 6 include 5, 6, 100, 105, 106,...,etc.
Orthogonal lines of both maximum and minimum stress are
plotted if components 0, 100, 200, etc. are specified.

FRINGE c n m1 m2... mn Fringe component number c on n materials includingm1, m2,...,
mn. If n is zero, only the outline of material m1 with contours i
plotted.  Component numbers are given in Table 6.

NCOL n Number of colors in fringe plots is n. The default value for n i
6 which includes colors magenta, blue, cyan, green, yellow, a
red.  An alternative value for n is 5 which eliminates the
minimum value magenta.

PROFILE c n m1 m2...mn Plot component c versus element number for n materials
including materials m1, m2,..., mn.  If n is 0, then component c
is plotted for all elements.  Component numbers are given in
Table 6.

VECTOR c n m1 m2...mn Make a vector plot of component c on n materials including
materials m1, m2,..., mn. If n is zero, only the outline of material
m1 with vectors is plotted. Component c may be set to "D" and
"V" for vector plots of displacement and velocity, respectivel

LINE c n m1 m2...mn Plot variation of component c along line defined with the
"NLDF", "PLDF", "NSDF", or the "NSSDF" commands given
below. In determining variation, consider n materials includin
material number m1, m2,..., mn.

NLDF n n1 n2...n3 Define line for "LINE " command using n nodes including node
numbers n1, n2,...nn.  This line moves with the nodes.

PLDF n r1 z1...rn zn Define line for "LINE " command using n coordinate pairs
(r1,z1), (r2,z2),...(rn,zn).  This line is fixed in space.
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NSDF m Define line for "LINE " command as side m.  Side m is define
for material n by the "B" command.

NSSDF   m n Define line for "LINE " command and that includes boundary
nodes m to n (counterclockwise) in the interface definitions.
This command must follow the "B" command.

RANGE r1 r2 Set the range of levels to be between r1 and r2 instead of in the
range chosen automatically by ORION.  To deactivate this
command, typeRANGE 0. 0.

MOLP Overlay the mesh on the contour, fringe, principal stress, an
principal strain plots.  Retyping "MOLP " turns this option off.

NUMCON  n Plot n contour levels.  The default is 9.

PLOC Plot letters on contour lines to identify their levels (default).

NLOC Do not plot letters on contour lines.

IFD n Begin definition of interface n. If interface n has been previous
defined, this command has the effect of destroying the old
definition.

IFS m Include side m in the interface definition. Side m is defined fo
material n by the "B" command.

IFN m n Include boundary nodes m to n (counterclockwise) in the
interface definition.  This command must follow the "B"
command.

IFP c m Plot component c of interface m. Component numbers are giv
in Table 7.

IFVA rc zc Plot the angular location of the interface based on the cente
point (rc,zc) along the abcissa.  Positive angles are measure
counterclockwise from the y axis.

IFVS Plot the distance along the interface from the first interface no
along the abcissa (default).

A Display all slidelines.  Slave sides are plotted as dashed line

SN n Display slideline n with slave node numbers.

SC n Check slave nodes of slideline n and put any nodes that hav
penetrated through the master surface back on the master
surface.

SD n Dekink slave side of slideline n - after using this command, t
SC or MC  command is sometimes advisable.
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MN n Display slideline n with master node numbers.

MC n Check master nodes of slideline n and put any nodes that h
penetrated through the slave surface back on the slave surfa

MD n Dekink master side of slideline n. After using this command, th
SC or MC  command is sometimes advisable.

DE e1 e2 Delete elements e1 to e2.

DM n m1 m2... mn Delete n materials including m1, m2,..., and mn.

R Restore original mesh.

DEB n  f1 g1...fn gn Delete n element blocks consisting of element numbers f1 to g1
f2 to g2..., and fn to gn inclusive. These elements will be inactive
when the calculation resume.

DMB n m1 m2... mn Delete n material blocks consisting of all elements with mater
numbers m1, m2,...,and mn.  These materials will be inactive
when the calculations resume.

DSL n    g1 g2...gn Delete n slidelines including slideline numbers g1, g2,..., and gn.

TERM  t Reset the termination to t.

PRTI ∆t Reset the node and element printout interval to∆t.

PLTI ∆t Reset the node and element data dump interval to∆t

M n Material n is to be rezoned.

NDPLT Plot node numbers on mesh of material n.

ELPLT Plot element numbers on  mesh of material n.

V Display material n on TMDS.

VSF Display material n on TMDS and solid fill elements

S Smooth mesh of material n.  To smooth a subset of element
window can be set  via the "GSET", "FSET", OR "SETF"
commands.  Only the elements lying within the window are
smoothed.

BLEN s Smooth option where s=0 and s=1 correspond o equipotent
and isoparametric smoothing, respectively.  By letting 0  s  
combined blending is obtained.

TN r z Type node numbers and coordinates of all nodes within windo
(r + / 2, z + / 2).

∆L
∆L ∆L
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CN m r z Node m has new coordinate (r,z).

B Determine boundary nodes and sides of material n and disp
boundary with nodes and side numbers on TMDS.

ER m n Equal space in r-direction boundary nodes m to n (counter-
clockwise).

ERSs Equal space in the r-direction boundary nodes on side s.

EZ m n Equal space in z-direction boundary nodes m to n (counter-
clockwise).

EZS s Equal space in the z-direction boundary nodes on side s.

ES m n Equal space along boundary, boundary nodes m to n (count
clockwise).

ESSs Equal space along boundary, boundary nodes on side s.

SLN m n Equal space boundary nodes between nodes m to n on a stra
line connecting node m to n.

SLNS n Equal space boundary nodes along side n on a straight line
connecting the corner nodes.

VSm n r Vary the spacing of boundary nodes m to n such that r is the ra
of the first segment length to the last segment length.

VSSs r Vary the spacing of boundary nodes on side s such that r is 
ratio of the first segment length to the last segment length.

BD m n Dekink boundary from boundary node m to boundary node n
(counterclockwise).

BDSs Dekink side s.

TR t DYNA2D will stop and enter interactive rezoning phase at tim
t.

The following commands apply to line plots, interface plots, etc.

ASET amin amax Set minimum and maximum values on abscissa to amin and
amax, respectively.  If amin=amax=0.0 (default) DYNA2D
determines the minimum and maximum values.

OSET omin omax Set minimum and maximum values on ordinate to omin and
omax, respectively.  If omin=omax=0.0 (default) DYNA2D
determines the minimum and maximum values.
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ASCL fa Scale all abscissa data by fa.  The default is fa=1.

OSCL fo Scale all ordinate data by fo.  The default is fo=1.

SMOOTH n Smooth a data curve by replacing each data point by the aver
of the 2n adjacent points.  The default is n=0.

Table 6: Component numbers for element variables.

No
.

Component No. Component

1 y 21
*

ln (V/Vo) (volumetric strain)

2 z 22
*

y-displacement

3 hoop 23
*

z-displacement

4 yz 24
*

maximum displacement

5 maximum principal 25
*

y-velocity, y-heat flux

6 minimum principal 26
*

z-velocity, z-heat flux

7 von Mises 27
*

maximum velocity, max. heat flux

8 pressure or average strain 28 ij normal

9 maximum principal-minimum principal 29 jk normal

10 y minus hoop 30 kl normal

11 maximum shear 31 li normal

12 ij and kl normal 32 ij shear

13 jk and li normal 33 jk shear

14 ij and kl shear 34 kl shear

15 jk and li shear 35 li shear

16 y-deviatoric 36
*

relative volume V/Vo
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Note that by adding 100, 200, 300, 400, and 500 to the component numbers in Table 6 not

scripted by an asterisk, component numbers for infinitesimal strains, Green-St. Venant stra

Almansi strains, strain rates, and extensions are obtained, respectively. Maximum and min

principal stresses and strains are in the y-z plane; the corresponding hoop quantities must 

examined to determine the overall extremum.

Note that for axisymmetric geometries the force components in Table 7 are per unit radian.

17 z-deviatoric 37
*

Vo/V-1

18 hoop-deviatoric 38
*

bulk viscosity, Q

19* effective plastic strain 39
*

P + Q

20* temperature 40
*

density

Table 7: Component Numbers for Interface Variables

No
.

Component

1 pressure

2 shear stress

3 normal force

4 tangential force

5 y-force

6 z-force

Table 6: Component numbers for element variables.

No
.

Component No. Component
246



DYNA2D User Manual OVERVIEW

ding

metal

ontrol

verely

e

rial.

r the

lting

s

m the

more

ever,

elines

g

rent

ust

ew

the

e of

erial
7.0 REMESHING

7.1 OVERVIEW

Remeshing is a new capability in this release of DYNA2D. It is a useful technique for exten

Lagrangian analysis to problems with very large shape changes, such as those found in bulk

forming and some projectile penetration problems. Remeshing can even be useful to simply c

element distortion and prevent the time step reduction that occurs when elements become se

distorted.

The DYNA2D remeshing capability works by allowing the user to stop an analysis, enter th

rezoner, and write out MAZE line definitions defining the deformed boundary of each mate

These line definitions are then read into MAZE where a completely new mesh is developed fo

deformed part, along with appropriate boundary conditions, loads, and slidelines. The resu

new analysis model is then input to DYNA2D along with the restart file from the old analysi

model. All stresses, velocities, accelerations, and material history variables are initialized fro

old model, and the analysis then continues using the new model. This process is described in

detail in section 3.7 on page 33.

7.2 CONSIDERATIONS IN DEVELOPING A NEW MESH

There are few restrictions on the new mesh to be used in a remeshed DYNA2D analysis. How

a few guidelines should be observed in its construction to obtain the best results. These guid

and some notes on interpreting the results of a remeshed analysis are given in the followin

paragraphs.

The new mesh may contain a different number of nodes and elements with completely diffe

connectivity than the original mesh. In the new mesh, all elements of a particular material m

either:

a) lie completely outside any materials in the old mesh at  (i.e., this is a n

body in the analysis), or

b) lie completely inside one of the materials in the old mesh at . In this case,

elements comprising the material in the new mesh must completely fill the volum

the old mesh material. This condition is ensured by generating line definitions (mat

t tremesh=

t tremesh=
247



REMESHING DYNA2D User Manual

d in

terials

erial

 condi-

y condi-

mesh

same

ll

se (a)

sures

, and

alysis

files

on

.

and

ement

.

d

A2D

tarting

each

oarse

figu-

‘‘new
boundaries) in the DYNA2D rezoner at  using the commands describe

section 6.3 on page 238.

For new mesh materials satisfying case (b) above (i.e., which are remeshed versions of ma

present in the old mesh), the material parameters (including density) and the DYNA2D mat

number should be the same for the new mesh as for their old mesh counterpart. Boundary

tions on new mesh materials satisfying case (a) above may be specified as desired. Boundar

tions on new mesh materials satisfying case (b) should usually be consistent with their old 

counterparts. For consistency, new mesh load curves evaluated at should have the

value as old mesh load curves evaluated at . Nonzero initial velocities shouldnot be

specified for the new mesh. Velocities for nodes with materials satisfying case (b) above wi

automatically be remapped onto the new mesh. Velocities for nodes of materials satisfying ca

above will be initialized to zero. For materials which existed in the old mesh, this procedure as

that velocity will be continuous at .

It should remembered that using DYNA2D with the remesh option is still a restart procedure

therefore the termination time in the new mesh input file should be absolute. A remeshed an

with the new mesh model will run for .

The new mesh model will create a new set of binary plotfiles from DYNA2D (note: these new

will overwrite existing plotfiles if a new plotfile name is not specified on the DYNA2D executi

line - see section 3.5 on page 31). In these new plotfiles, state 1 will correspond to

Configuration (position), velocity, acceleration, stresses, effective plastic strain, strain rate, 

global variables are absolute in that they represent the actual value at the stated time. Displac

and strain are relative in that they are computed with respect to the configuration at

Thus, care must be used in the interpretation of displacements and strains from a remeshe

analysis.

7.3 REMESHING EXAMPLE 1: ROD IMPACT

To illustrate the continuity achieved in a simulation undergoing a remesh, the standard DYN

rod impact problem is analyzed three ways: using a coarse mesh, using a fine mesh, and s

with a coarse mesh and remeshing to a fine mesh at . The total simulation time for

analysis is . Figure 27 and Figure 28 show the initial and deformed geometry for the c

mesh only and the fine mesh only simulations, respectively. Figure 29 shows the mesh con

ration of the remeshed analysis at various times. Here, both the coarse (‘‘old mesh’’) and fine (

t tremesh=

t tremesh=

t tremesh=

t tremesh=

t f

tremesh t t f≤<

t tremesh=

t tremesh=

t 40µs=

81µs
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esh

and

eshed

shed

again
mesh’’) models are shown at . Note that the boundaries of the rod at

in the old mesh and new mesh are coincident. This compatibility is a result of using the DYNA

rezoner at  with the coarse mesh to create line definitions to be used in the fine m

command file for MAZE. The MAZE command files used for the coarse mesh model at

the fine mesh model at  are shown in Figure 30 and Figure 31 respectively.

Time histories of the velocity at the free end of the bar for each of the coarse, fine, and rem

analyses are shown in Figure 32. Note the continuity of the velocity time history for the reme

analysis. Time histories of kinetic energy for each of the analyses are shown in Figure 33, and

good continuity is achieved.

t tremesh 40µs= = t 40µs=

t 40µs=

t 0=

t 40µs=
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Figure 27
Rod impact problem using coarse mesh: initial mesh (top), deformed mesh at

(middle), and deformed mesh at  (bottom).
t 40µs=

t 81µs=

STACK 3 COARSE MESHES IN HERE, HORIZONTALLY
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e),

Figure 28

Rod impact problem using fine mesh: initial mesh (top), deformed mesh at (middl
and deformed mesh at  (bottom).

t 40µs=
t 81µs=

STACK 3 FINE MESHES IN HERE, HORIZONTALLY
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old

Figure 29

Rod impact problem using remeshing option: initial old mesh at  (top), deformed 
mesh at  (upper middle), initial new mesh at  (lower

middle), and deformed new mesh at .

t 0µs=
t tremap 40µs= = t tremap 40µs= =

t 81µs=

STACK COARSE/FINE REMAP MESHES IN HERE, HORIZONTALLY
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Figure 30
MAZE command file used to generate ‘‘old mesh’’ input file for DYNA2D.
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Figure 31
MAZE command file used to generate the ‘‘new mesh’’ input file for DYNA2D. Note the line

definitions which were written by the DYNA2D rezoner and incorporated into this file.
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esh

Figure 32

Time history of the axial velocity at the free end of the bar: coarse mesh only (top left), fine m
only (top right), and coarse to fine remesh (bottom).

Coarse mesh vel. time history Fine mesh vel. time history

Remap time vel. history 1st half Remap vel. time history 2nd half
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nd

Figure 33

Time history of total kinetic energy: coarse mesh only (top left), fine mesh only (top right), a
coarse to fine remesh (bottom).

Coarse mesh KE time history Fine mesh KE time history

Remap KE time history 1st half Remap KE time history 2nd half
256



DYNA2D User Manual REMESHING EXAMPLE 2: PASTE EXTRUSION

ste is

s

pe

d, the

sed for

ing that

n,

elastic

shows

piston

lysis.

ozzle

igure

n the

resen-

d to

e paste

own

ially

s of the

rface

was

ntact

ne.

s

lerian
7.4 REMESHING EXAMPLE 2: PASTE EXTRUSION

In this simulation, a paste is extruded through a nozzle by action of a piston. The extruded pa

then used to fill a borehole. This analysis was performed by Doug Faux at LLNL and make

excellent use of the remesh feature in two ways. First, since the paste undergoes large sha

changes, remeshing is required to limit element distortion and continue the simulation. Secon

remesh feature allows the entire simulation to be divided into several phases. The model u

each phase contains only components necessary to analyze the response of the paste dur

phase.

The axisymmetric model used for the first phase of the analysis includes the cylinder, pisto

nozzle, and paste as shown in Figure 34. The cylinder, piston, and nozzle are modeled as 

materials and the paste is modeled as a compressible inviscid fluid in this example. Figure 35

the deformed mesh of the cylinder, nozzle, and paste at the end of Phase 1 ( ). The

was deleted from the model by interactive rezoning at to reduce the cost of the ana

A remesh was performed at . The Phase 2 model does not include the cylinder or n

since they will have no further effect on the response of the paste. The new model, shown in F

36, does include the paste and a new part representing the borehole. Figure 37 zooms in o

Phase 1 and Phase 2 representations of the paste at . The Phase 2 rep

tation includes a finer mesh in the bottom region where most of the deformation is expecte

occur. Note that although the mesh topology of the paste varies from one phase to the next, th

boundaries are exactly preserved.

The Phase 2 simulation continued until at which point the paste is deformed as sh

in Figure 38. To begin Phase 3, the paste was again remeshed to account for the substant

distorted shape. Figure 39 shows a close-up view of the Phase 2 and Phase 3 representation

paste. In addition to the new paste mesh, Phase 3 includes the specification of a single-su

slideline to account for the anticipated contact of the paste material with itself. The simulation

terminated at . Figure 40 shows the deformed paste material and highlights the co

of the paste material with itself, and thus the importance of the added single-surface slideli

This example provides a graphic demonstration of the power of DYNA2D’s new remeshing

capability for extending the domain of Lagrangian analysis. The large shape changes in thi

problem would have once rendered it intractable to Lagrangian codes, forcing a move to Eu

t 4.5ms=

t 3.2= ms

t 4.5ms=

t tremesh 4.5ms= =

t 6.2ms=

t 7.35ms=
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nue
codes with substantially increased cost and less precise material boundary definitions. This

of problems is now easily solved with DYNA2D. The authors anticipate that analysts will conti

to find new and innovative applications for DYNA2D’s new remeshing capability.
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nd
Figure 34
Material outline (left) and initial mesh (right) for the first phase of the paste extrusion

simulation. Each plot shows the piston at top left, paste at bottom left, cylinder at top right a
center right, and nozzle at bottom right
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Figure 35
Deformed mesh of the cylinder, nozzle, and paste at the end of Phase 1 .t 4.5ms=( )
260



DYNA2D User Manual REMESHING EXAMPLE 2: PASTE EXTRUSION

ole.

Figure 36

Initial mesh configuration (at ) for the Phase 2 model showing paste and boreht 4.5ms=
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Figure 37
Phase 1 (left) and Phase 2 (right) mesh representations of the paste att tremesh 4.5ms= =
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Figure 38
Mesh configuration at the end of Phase 2 ( )t 6.2ms=
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Figure 39
Phase 2 (left) and Phase 3 (right) mesh representations of the paste att tremesh 6.2ms= =
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Figure 40
Mesh configuration at the end of Phase 3 ( )t 7.35ms=
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8.0 MATERIAL MODEL DRIVER

8.1 OVERVIEW

This section describes a Material Model Driver which is incorporated into DYNA2D. The Mate

Model Driver allows interactive plotting of the stress-strain response predicted by a material m

under a given load path. This feature is particularly useful when fitting complex material mo

to experimental data, or when using a material model for the first time. The interactive grap

plotting capability of the Material Model Driver allows the simulated material stress-strain

behavior to be easily compared with actual material test results or theoretical predictions.

The material model driver works with any DYNA2D material model and computes the stres

history corresponding to a given strain history without including the effects of dynamic respo

The dynamic equations of motion are not used by the material model driver, and therefore 

material behavior is simulated independent of inertial effects. These inertial effects would b

present and complicate the interpretation of the results if a “one-element” problem were us

demonstrate the material model behavior. Rate dependence in the constitutive model is inc

so realistic strain rates must be used with the Material Model Driver for rate-dependent ma

8.2 INPUT DEFINITION

The Material Model Driver is invoked by setting the number of nodes and elements to zero 

standard DYNA2D input file (described in Chapter 4 of this manual). The number of load cu

should be set to five, and the termination time should be set to the desired length of the simu

The state plot dump interval (Control Card 6) is interpreted as the time step to be used in th

Material Model Driver run. This value should be chosen in conjunction with the strain vs. tim

description in the load curves to yield realistic strain increments at each step of the simulat

Plotting information is saved at every step of a Material Model Driver run.

The remainder of the DYNA2D input file should be as specified in Chapter 4 up through the

material model definition. Immediately after the material definition, five load curves describing

strain path should be defined. These five curves describe the time history of the displacem

gradient components shown in Table 1, where , , and  represent three orthogonal coord

directions and , , and  represent displacement fields in those directions, respectively. F

x y z

u v w
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axisymmetry, is assumed to be the hoop direction, and is the axis of symmetry. For plane s

is set to zero regardless of the value of load curve three. Note that if a rate-dependent mo

used, then the “time” in the Material Model Driver corresponds to physical time and must yi

realistic strain rates. If a rate-independent material model is used, then “time” is really a

nonphysical quasi-time used to parameterize the strain history, and any convenient scale m

used (such as a Driver time step size of 1.0 and a termination time equal to the number of 

desired).

The strain rate, or rate of deformation in a finite strain context, is found by taking the symm

part of a finite difference time derivative of the gradient components specified by the load cur

For example, if the above components are considered to form a tensor , then a tensor  

 (corresponding to step ) is calculated from

, (260)

and then the rate of deformation  is found from

(261)

and the spin is found from:

Table 8: Load Curve Component Definitions

Load Curve Number Component Definition

1

2

3

4

5

x z

εxx

v∂
y∂

-----

w∂
z∂

------

u∂
x∂

-----

v∂
z∂

-----

w∂
y∂

------

S L

tk k

L tk( )
S tk( ) S tk 1–( )–

tk tk 1––( )
--------------------------------------=

d

d
1
2
--- L L T+( )=
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. (262)

In a small strain context, load curves 1-4 may be used to specify strain time histories, and 

curve 5 simply defined as zero throughout the duration of the simulation.All five load curves must

be defined in all cases, and must be defined over the entire time interval of the simulation.The small

strain interpretation of the load curve quantities is given in Table 2.

8.3 INTERACTIVE COMMANDS

The Material Model Driver contains an integral plotting package to allow immediate display

simulation results. After reading the input file and completing the calculations, DYNA2D giv

command prompt to the terminal. A summary of the available interactive commands is given in

section. An on-line help package is available by typinghelp at the prompt. Refer to the notationa

conventions described in section 2.1 on page 7.

• ASCL - scale all abscissa data by . default is .

• OSCL - scale all ordinate data by . default is .

• ASET - amin omax- set minimum and maximum values on abscissa toaminandamax,

respectively.  Ifamin=amax=0, scaling is automatic.

• OSET - omin omax- set minimum and maximum values on ordinate toominandomax,

respectively.  Ifomin=omax=0, scaling is automatic.

Table 9: Small Strain Load Curve Definitions

Load Curve Number Small Strain Interpretation

1  or

2

3

4  (engineering)

5 not used

w
1
2
--- L L T+( )=

εrr εyy

εzz

εθθ

γ yz

f f 1=

f f 1=
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• GRID  - tmds or graphics display will be overlayed by a grid of orthogonal lines

• NOGRID - tmds or graphics displays will not be overlayed by a grid of orthogona

lines

• LOGO  - puts LLNL logo on all plots (default). Retyping this command removes t

logo.

• TV n - use tmdsn or graphics devicen, wheren is the monitor or device number

• TV - n1 n2 n3- (LLNL only) use color tmds with monitor numbersn1, n2, andn3 for

red, green, and blue channels, respectively.

• PLOTS box ann- (LLNL only) create a plotfile for box numberann that contains a

record of the tmds display

• CLASS lev - (LLNL only) reset classification level of hardcopy output from defaul

unclassified to:  proglev, pard, adp, confidnt, srd, or system.  This command mus

cede the plots command if used.

• RJET n - (LLNL only) send a copy of the fr80 file to rjetn

• TIME c - plot componentc versus time

• CROSSc1 c2 - plot componentc1 versusc2

• PRINT  - print plotted time history data in file "pamper." Only data plotted after th

command is printed. File name can be changed with the “FILE” command. The “p

pers” file contains 2-column ASCII data suitable for plotting with other software.

• FILE name - change pampers filename toname.

• RDLC m n r1 z1 ... rn zn- redefine load curvem usingn coordinate pairs

(r1,z1),(r2,z2),...,(rn,zn)

• CONTINUE  - reanalyze material model

• ECOMP - display component numbers on the tmds or graphics display. The com

nent numbers are also shown in Table 3.

• CHGL n - change label for componentn. Program will prompt for new label.

• QUIT, END, T  - exit the material model driver
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9.0 EXAMPLE PROBLEM

This example, taken from (Randers-Pehrson and Juriacs, 1968) illustrates the analysis of a t

shaped charge called a ‘‘self-forging fragment.’’

Figure 41
Initial mesh used in shaped charge calculation.
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Calculations were performed to study the formation of the fragment produced by the upper

The initial mesh is shown in Figure 41. Slidelines are initially placed between the plate-HE 

cylinder-HE interfaces. By  the HE has burn has completed. Between  an

 elements at the outer edges of the plate become elongated and cause a significa

decrease in the time-step size, so these elements are eliminated prior to . By

the pressure in the HE has dropped to negligible levels, so at all elements except

in the upper plate are eliminated from the calculation. In addition, at this time a new slidelin

defined along the upper surface to prevent the plate from penetrating through itself as it fol

Figure 42 shows a view of the deformed shape at . The formation of the fragment

shown in Figure 43, which contains a sequence of deformed shapes at  intervals.

t 10µs= t 12µs=

t 50µs=

t 50µs= t 50µs=

t 50µs=

t 50µs=

20µs

Figure 42
Deformed shape at .50µs
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Figure 43
Formation of fragment.
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